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PREFACE

Occupant behaviour in buildings has been a matter of concern all over the world. Buildings
are  responsible  for  a  significant  portion  of  energy  consumption;  therefore,  improving  the
thermal and energy performance of such buildings requires knowledge about the variables
that  influence  them.  However,  to  increase  the  potential  for  improving  thermal  and  energy
performance of buildings, studies must also consider the occupant’s interactions with the built
environment. The occupant behaviour influences the conditions of the internal environment
through the occupation of the spaces and through the interaction with building elements, such
as air-conditioning, lighting, blinds and windows. Thus, the objective of this e-book is to put
together  some  of  these  aspects,  presenting  advances  and  challenges,  by  means  of  eight
chapters  written  by  renowned  researchers.

Due  to  recent  technological  innovations  related  to  Information  and  Communication
Technologies  (ICTs),  buildings  are  undergoing  some  evolutions  and  incorporating
technologies  that  endow  them  with  intelligence.  However,  the  requirement  of  building
intelligence to be related to the response of the occupants’ needs leads to the consideration of
the  buildings  as  Cyber-Physical-Social  Systems  (CPSS).  Combining  technical  and  social
dimensions in this new generation of buildings, occupants’ satisfaction and energy use can be
improved.  Mateus  V.  Bavaresco,  Ricardo  F.  Rupp  and  Enedir  Ghisi  concluded  that  by
enriching data collection and presentation, more professionals can access previous outcomes
and adapt their practices towards achieving comfortable and energy-efficient buildings.

People’s  behaviour  can  significantly  impact  both  the  energy  consumption  and  the  indoor
thermal  environment  of  the  buildings,  and  of  particular  interest  is  their  window  opening
behaviour.  A  better  understanding  of  why,  when  and  how  occupants  open  windows  is,
therefore,  essential  in  the  quest  to  achieve  low-carbon  buildings.  Shen  Wei  provided
systematic  criteria  for  selecting  a  suitable  monitoring  method  for  their  specific  research
objectives.  Additionally,  the  author  demonstrates  the  need  for  a  standard  method  for
monitoring relevant influential factors, as these varied considerably between existing studies
with respect to the accuracy, interval and location. Such variation clearly has the potential to
influence the ability to perform cross-study comparison.

Changing and improving the heating systems have been systematically associated with a wide
range of effects, such as thermal comfort and improved air quality, which are often termed as
co-benefits or ancillary benefits. Literature shows that co-benefits can be decisive when users
choose  a  heating  solution.  Ricardo  Barbosa  and  Manuela  Almeida  used  international
qualitative surveys to identify, quantify and evaluate the co-benefits associated with heating
solutions,  to  clarify  the  relevance  of  the  co-benefits  in  the  decision-making  process  of
building users. The results suggest that both the degree of relevance and the willingness to
pay for co-benefits vary significantly amongst different national contexts.

Occupancy is a paramount factor to achieve energy efficiency. The authors António Ruano,
Karol  Bot  and Maria  Ruano,  proposed a  new methodology to  estimate  the  occupancy and
analysed the impacts of occupants on thermal comfort and energy efficiency in buildings from
two distinct sectors: residential and educational.

The knowledge of occupant actions and needs is determinant for the proper function of an
intelligent building. Therefore, the building management systems (BMS) must be supplied
with data from the occupants. However the data by itself does not ensure the knowledge of
occupants’ needs and the ability to predict their behaviours. To do that, BMSs must be gifted
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with  artificial  intelligence  (AI)  and  machine  learning  (ML)  techniques  to  data  mine  the
information provided by the monitoring systems. Pedro F. Pereira and Nuno M. M. Ramos
compared methodologies used to detect occupant actions and occupants’ needs in the same
case study. The compared methodologies have the ability of self-learning and, therefore, can
the used in multiple circumstances.

The variability  of  human behaviour is  not  taken into account  in  many thermal  and energy
performance studies, causing inconsistencies between simulation results and reality. One of
the reasons for these inconsistencies also relies on adopting an opening availability schedule
which  is  strictly  limited  to  the  occupancy  schedule  of  a  room,  especially  in  residential
buildings.  Aline  Schaefer,  João  Vitor  Eccel  and  Enedir  Ghisi  studied  the  dependency
relationship between the room’s occupancy schedule and the operation of openings in low-
income houses in Florianópolis, southern Brazil. The main result has shown that the opening
operation schedule often does not depend on whether the room is occupied or not and seems
to rely more accordingly to a daily routine, such as the time one wakes up or goes to sleep, or
leaving and coming back home.

The  gap  between  the  estimate  and  actual  thermal  and  energy  performance  is  directly  and
indirectly attributed to occupants. To address such issue, Arthur Santos Silva investigated the
uncertainties  of  occupant  behaviour  in  building  performance  simulation  through  a
probabilistic  approach.  The author  showed that  the number of  occupants,  the schedules of
occupancy of the bedrooms, the setpoint temperatures for operating the openings, the cooling
setpoint of the Heating, Ventilation and Air-Conditioning system (HVAC) and the limits for
operative  temperatures  of  the  rooms  were  the  most  influent  variables  for  the  thermal  and
energy performance, especially in the heating period. The uncertainty was up to 65.6% for
estimating the degree-hours for heating (in the natural ventilation mode) and up to 59.3% for
estimating  the  total  electricity  consumption  with  HVAC (in  the  hybrid  ventilation  mode),
indicating that these operational uncertainties had a great impact on the simulation results.

Cultural heritage plays an important role in society, not only in cultural terms but also due to
its  touristic  interest.  However,  it  is  necessary  to  ensure  that  conservation  and  comfort
conditions are not affected, since the human body releases heat, moisture, CO2 and odours.
Hugo  Entradas  Silva  and  Fernando  M.  A.  Henriques  analysed  the  impact  of  the  binomial
ventilation vs. occupancy, simulating various combinations of ventilation and air recirculation
on the indoor air quality, conservation and energy consumption in museums. Since the visits
to major national museums take usually long periods, the concept of adaptation was analysed
to reduce the airflow of fresh air per visitor.

Chapter  1,  written  by  Mateus  V.  Bavaresco  (of  the  Federal  University  of  Santa  Catarina,
Brazil),  Ricardo  F.  Rupp  (of  Technical  University  of  Denmark)  and  Enedir  Ghisi  (of  the
Federal  University  of  Santa  Catarina),  explores  the  potentials  of  combining  objective
information gathered from technological innovations with subjective inputs obtained through
qualitative methods in occupant behaviour research.

Chapter 2, written by Shen Wei, of the University College London, UK, introduces existing
methods that have been used to monitor occupant window opening behaviour in buildings
based on a comprehensive literature review. The author also points out relevant influential
factors and discusses the advantages and disadvantages of each method.

Chapter 3 was written by Ricardo Barbosa and Manuela Almeida of the Department of Civil
Engineering of the University of Minho, Portugal. The authors support the decision-making
process of building users in the selection of energy-efficient heating solutions by identifying
and evaluating co-benefits.
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Chapter  4,  written  by  António  Ruano,  Karol  Bot,  Maria  da  Graça  Ruano of  University  of
Algarve, Portugal, studied the impact of occupants in thermal comfort and energy efficiency.

Chapter 5, written by Pedro F. Pereira and Nuno M. M. Ramos of the Faculty Engineering of
the University of Porto, Portugal, compared different machine learning techniques used for
the detection of occupant actions in buildings and the drivers of their behaviour.

Chapter  6  was  written  by  Aline  Schaefer,  João  V.  Eccel  and  Enedir  Ghisi,  of  the  Federal
University  of  Santa  Catarina,  Brazil.  The  authors  investigate  the  dependency  relationship
between  the  room’s  occupancy  schedule  and  the  operation  of  openings  in  low-income
residential  buildings.

Chapter  7,  written  by  Arthur  S.  Silva,  of  the  Federal  University  of  Mato  Grosso  do  Sul,
Brazil,  investigates  the  uncertainties  of  occupant  behaviour  in  building  performance
simulation  through  a  probabilistic  approach.

Hugo Entradas Silva and Fernando M. A. Henriques, of the Department of Civil Engineering,
Faculty  of  Science  and  Technology,  Portugal,  wrote  Chapter  8.  The  authors  analyse  the
impact of ventilation on conservation, human health and comfort in museums.

We would like to thank all the authors who have contributed to this e-book, and the editorial
team for their valuable work and completion of this e-book.

The views and opinions expressed in each chapter of this e-book are those of the authors.
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CHAPTER 1

Exploring  The  Potential  of  Combining
Technological  Innovations  with  Qualitative
Methods  in  Occupant  Behaviour  Research
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Technical University of Denmark, Kongens Lyngby, Denmark

Abstract: The literature emphasises the important role that occupants play regarding
the energy performance of buildings. Scholars have applied several methods to assess
occupants’ preferences and practices in their field studies. Technological innovations
such as Internet-of-Things (IoT) may capture valuable objective information that can
be translated into mathematical models. Such models are vital in Building Performance
Simulation (BPS) practices as they are expected to reduce performance gaps between
expected and real  energy use in  buildings during operational  phase.  However,  data-
driven  models  strictly  related  to  physical  parameters  exclude  essential  subjective
information like occupant preferences and needs. There is enough evidence showing
that  individual  differences  impact  on  thermal  preferences  and  levels  of  comfort
indoors,  which  must  also  be  considered  in  occupant  behaviour  studies.  Aside  from
individual preferences, there is also social influence when occupants share spaces and
the  control  of  building  systems.  Several  methods  commonly  used  in  social  science
studies are expected to incorporate the needed subjective information in this field if
properly used. Therefore, this chapter explores the potentials of combining objective
information gathered from technological innovations with subjective inputs obtained
through qualitative methods.
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INTRODUCTION

Buildings  are  commonly  related  to  a  high  share  of  energy  use  worldwide.
According  to  the  last  report  by  the  International  Energy  Agency  (IEA),  the
buildings and construction sector were responsible for 36% of the final energy use
and  39%  of  energy  and  process-related  CO2  emissions  [1].  Therefore,  huge
opportunities for energy savings and reduction of CO2 emissions may be achieved
by improving buildings. The energy use in buildings was the object of study of a
group of 100 researchers from 15 countries, who gathered together and conducted
strong research under the IEA and Energy in Buildings and Communities (EBC)
Programme, in the IEA-EBC Annex 53 “Total energy use in buildings - Analysis
and  evaluation  methods”  [2].  Researchers  concluded  that  there  are  six  main
factors  that  impact  the energy use of  buildings,  i.e.  climate,  building envelope,
building equipment, operation and maintenance, occupant behaviour, and indoor
environmental  conditions.  As  they  argued,  the  three  first  are  technical  and
physical factors, while the three last ones are human-influenced factors. Technical
and  physical  characteristics  cannot  be  considered  as  the  only  aspects  when
optimisation  of  energy  use  in  buildings  is  intended.  Indeed,  technological  and
envelope-based interventions may reduce energy use in buildings; however, it is
important to consider that they cannot guarantee this outcome alone [3]. When it
comes to building operation, the literature also highlights that people in modern
societies tend to spend about 85% of their time indoors [4]. It is then clear that the
way occupants interact with buildings largely impact their total energy use.

Along these lines, recent research has evolved regarding the evaluation of human-
related factors that impact building energy use. Considering the success of Annex
53,  a  different  group  of  collaborative  research  was  made  to  work  on  many
unanswered  questions.  This  new  group,  IEA-EBC  Annex  66  “Definition  and
simulation of occupant behaviour in buildings”, was then established based on the
main takeaways from Annex 53. IEA-EBC Annex 66 main objectives relied on
enhancing  occupant  behaviour  research  in  terms  of  data  collection,  model
representation  and  evaluation,  and  integrating  such  models  in  building
performance  simulation  practices  [5].  This  field  presented  huge  improvements
with  the  completion  of  Annex  66,  and  a  large  amount  of  work  was  conducted
throughout the world. Then, a follow-up research group was established following
the  conclusion  of  Annex  66  since  there  is  a  need  for  implementing  advanced
occupant modelling in practical activities. IEA-EBC Annex 79 “Occupant-Centric
Building  Design  and  Operation”  is  developing  new knowledge  about  occupant
behaviour, focusing on applying and transferring knowledge to practitioners [6].
This  new  research  group  involves  a  multidisciplinary  team  with  expertise  in
engineering, architecture, computer science, psychology, and sociology. Its scope
encompasses  the  conception  of  guidelines,  recommendations  for  codes  and
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standards,  the  establishment  of  data-driven  methods,  as  well  as  the  creation  of
new occupant models and simulation tools.

A  common  practice  in  occupant  behaviour  research  is  relying  on  sensor-based
information to objectively assess indoor conditions as well as occupant presence
and actions. For instance, environmental parameters may be used to infer as well
as explain occupant behaviour or presence through statistical analyses or machine
learning algorithms. By inferring, we mean using such environmental parameters
to  deduce  certain  actions,  e.g.,  by  evaluating  carbon  dioxide  concentration
indoors,  one  may  assume  that  a  space  is  occupied  or  not  [7].  When  the  actual
occupant behaviour is also monitored, environmental parameters may be used to
explain and determine boundaries for building adjustments. For instance, one may
evaluate typical temperature thresholds that drive air-conditioning use [8]. In this
way, the literature shows that several environmental parameters may be linked to
the  adjustment  of  building  systems.  Aside  from  occupancy,  CO2  concentration
was  also  related  to  window  control  [9  -  11].  Indoor  [12  -  14]  and  outdoor  air
temperatures  [12,15,16]  have  been  related  to  window,  blind/shade,  and  HVAC
(Heating, Ventilation, and Air Conditioning) control, as well as adaptive actions
like drinking a cold drink. Indoor humidity has been associated with thermostat
adjustments  [17].  Specific  choices  like  the  degrees  of  opening  in  residential
windows  were  also  related  to  indoor  and  outdoor  air  temperatures  [18].  Solar
radiation and indoor/outdoor air temperature [12,19,20] were also related to the
adjustments of blinds or shades. Although several environmental parameters were
already  linked  with  occupant  behaviour  in  buildings,  there  is  evidence  that
subjective  aspects  also  play  an  important  role  in  this  field.

It is evident that occupant-behaviour related studies are increasing fast in the last
few  years;  however,  more  work  is  still  necessary  to  properly  evaluate  how
occupants  use  different  building  systems,  as  several  aspects  influence  this  role
[21].  More  specifically,  the  literature  supports  that  multi-domain  physical
variables, contextual and personal factors affect both occupants’ perceptions and
behaviours  in  buildings  [22].  A  huge  body  of  research  has  focused  on  the
influence of  physical  variables  on occupant  behaviour.  However,  there are  still
uncertainties related to the impact of contextual and personal factors in this field.
Therefore,  behavioural  theories  also  significantly  contribute  to  understanding
personal factors and their relation with occupant behaviour, and a literature review
synthesising  the  most  commonly  used  theories  was  presented  [23].  Authors
acknowledged 27 approaches used in the literature, and they come mainly from
the fields of psychology, sociology, and economics. Specifically, psychological
theories were the most common, and the Theory of Planned Behaviour was the
most  frequent.  Relying  on  the  potential  of  applying  qualitative  knowledge  on
occupant-related research, another literature review presented methods commonly
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used in social sciences that are feasible to assess the human dimension of use in
buildings [24]. Authors argued that broader use of qualitative methods is expected
to provide building stakeholders with practical knowledge that may be helpful to
achieve user-centric design and operation of buildings.

In this panorama, it is evident that both quantitative and qualitative data are vital
to understand and model occupant behaviour patterns in a better way. On the one
hand, technological innovations are key to collect a huge amount of quantitative
data  regarding  building  operation  and  objective  aspects  associated  with  the
adjustments performed. On the other hand, personal and contextual variables may
be  missed  if  evaluations  are  solely  based  on  objective  aspects.  Expertise  from
social  sciences  is  necessary  for  this  field  and  several  methods  are  available.
Therefore, the objective of this chapter is to assess the possibility of combining
technological innovations with qualitative methods aiming to enhance occupant
behaviour research practices.

INDOOR ENVIRONMENT, CLIMATE AND OCCUPANT BEHAVIOUR

The indoor environment, the climate and the occupant behaviour have an intrinsic
relationship. For example, when occupants are feeling a warmer sensation, they
could choose to open a window when it is cooler outside, which will decrease the
indoor temperature. They could also opt to change their clothes or drink a cold
beverage. Occupants could choose to turn on a fan or the cooling system, if such
systems  are  available.  The  choice  for  any  of  those  adaptive  opportunities  may
vary between occupants due to their individual preferences and needs. This way,
predictions of building energy consumption considering a poor representation of
occupant  behaviour  would  result  in  an  unrealistic  estimate  of  actual  energy
consumption, i.e. the so-called “performance gap” between predictions and actual
energy use [25,26]. Even when certified buildings are considered, the literature
supports that expected and measured energy consumptions are different [27,28].
Besides uncertainties related to climatic conditions and simulation programmes, it
is  evident  that  a  better  representation  of  occupant  behaviour  in  simulation
practices  may  mitigate  such  performance  gap  [29,30].

The influence of occupant behaviour on building energy use should be considered
during  both  building  design  and  operation.  During  building  design,  proper
representation  of  occupant  behaviour  is  expected  to  enrich  the  development  of
user-centric  buildings.  Additionally,  computer  simulation  models  can  use  a
reliable  representation  of  human-related  aspects  to  turn  actual  simulation
approaches  more  dependable.  During  the  operation  phase,  understanding
occupants’ preferences and behaviours are also key to maintain indoor conditions
comfortable while energy is efficiently used.
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As previously shown, occupant behaviour research has increased in number and
importance  recently.  A  primary  aspect  on  this  field  comprises  data  collection;
indeed,  this  part  is  not  trivial,  and  researchers  must  plan  their  approaches
carefully,  considering  that  costs,  occupant  privacy,  and  socioeconomic  factors
influence  it  [5].  A  large  body  of  research  is  available  on  innovative  sensing
technologies  and  approaches  to  incorporate  them  into  buildings  to  explore
occupants’  behaviours,  as  highlighted  by  a  literature  review  [31].  In  fact,  by
collecting and processing data  on this  field,  better  modelling strategies  may be
achieved, as well as improvements on the indoor environmental quality of spaces.
Physical  monitoring  relies  mostly  on  adaptive  behaviour  monitoring,  which
includes both occupants’  actions and environmental  parameters related to them
[32]. Innovative approaches to collect data on occupant behaviour include, but are
not  limited  to  Building  Automation  Systems  (BAS).  Indeed,  BAS  may  collect
real-time  data  and  provide  it  to  building  stakeholders  to  enhance  the  control
algorithms of automated systems. Such an approach relies mostly on quantitative
data  like  the  occupancy  of  different  spaces  and  environmental  parameters  that
affect  adjustments  of  building  systems  through  their  interfaces.  The  literature
shows that some studies relied on improving occupant representation aiming to
adapt  the  algorithms  of  BAS  [33  -  35].  Other  strategies  are  also  available,  as
researchers should not necessarily rely on data from BAS. Individual data loggers
also play an important role in data collection. Regarding residences, a literature
review showed that indoor air temperature, relative humidity, and air velocity are
the parameters most frequently measured in such studies [36].

In addition to those commonly measured parameters, several other aspects may
also  be  gathered  to  have  a  deeper  understanding  of  triggers  for  occupant
behaviour.  For  instance,  one  of  the  outcomes  from  IEA-EBC  Annex  66  is  the
proposition of the DNAS (Drivers, Needs, Actions, and Systems) framework to
improve occupant behaviour research considering that human cognition covers a
complex  combination  of  people  “inside  world”  (i.e.  Drivers  and  Needs)  and
“outside  world”  (i.e.  Actions  and  Systems)  [3].  Thus,  Internet-of-Things  (IoT)
based monitoring may benefit from several passive and active sensors available to
characterise human-related influence on building operation [37]. A considerable
benefit  of  using  innovative  approaches  is  the  possibility  of  collecting  a  huge
amount  of  data,  which  can  be  translated  into  boundaries  for  occupant-centric
building  design  and  operation.

Further  improvements  were  reached  by  combining  the  DNAS  framework  with
social-psychology theories to encompass subjective aspects of occupant behaviour
[38]. An interdisciplinary survey was then achieved through the integration of the
DNAS  framework  with  constructs  from  Social  Cognitive  Theory  (SCT)  and
Theory  of  Planned  Behaviour  (TPB).  SCT  was  explained  by  Bandura  [39];  it
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states that personal and environmental factors influence human behaviours, i.e.-
people’s  perceptions,  beliefs,  and  acts  affect  their  behaviours.  TPB  was
introduced by Ajzen [40], and it evidences the impact of individual intention to
behave on the behaviour itself;  also,  the theory supports  that  one’s intention to
behave is influenced by attitudes, subjective norms, and perceived control towards
the  exercised  behaviour.  This  interdisciplinary  framework  was  already
implemented  in  several  office  settings  worldwide,  and  interesting  conclusions
were achieved [41 - 42].

For instance, it enabled the assessment of human-building interactions through the
lenses of the Five-Factor Model (FFM) to associate occupants’ personality traits
with  common  behavioural  patterns  [41].  Differences  on  adaptive  actions
undertaken  by  occupants  to  restore  their  thermal  comfort  under  hot  and  cold
discomfort, as well as conformity to social norms towards sharing the control of
building  systems,  were  shown  as  an  indicator  of  energy  use  in  offices  [43].  A
proposition of a broad theoretical framework to evaluate the link between indoor
environmental quality and the perceived productivity of office occupants was also
presented  [44].  Finally,  results  from  specific  countries  also  added  valuable
information to the literature. From the Brazilian case study, the authors used the
framework  to  conduct  a  theoretical-driven  Structural  Equation  Modelling  and
determine  the  primary  subjective  aspects  that  influence  occupants’  adaptive
actions  [45].  Results  support  that  interventions  based  on  social-psychology
theories play an important  role to boost  occupants’  adaptive opportunities.  The
Hungarian case study added information about the importance of knowledge to
control building systems – especially when complicated controls are used – which
supports that training programmes may be conducted throughout the country [42].
Finally,  the  Italian  case  study  synthesised  all  the  surveyed  factors  in  different
regions  of  the  country  (north,  centre,  and  south)  to  illustrate  why  and  how
knowledge  from  social  sciences  may  provide  valuable  information  to  building
stakeholders [42].

POTENTIALLY APPLICABLE TECHNOLOGICAL INNOVATIONS

Modern  buildings  can  be  understood  as  Cyber-Physical  Systems  (CPS)
considering the advance of diverse technological innovations, which provides the
opportunity  to  link  some  characteristics  of  the  physical  environment  with
occupants’ behaviours or preferences to reach user-centred services [46]. Cyber-
Physical  Systems can be  understood as  systems in  which the  physical  world  is
combined  with  cyber  components,  and  information  can  be  exchanged  between
them [37]. Building Automation Systems (BAS) may benefit from these advances
and can provide user-centred controls aiming to reach comfortable and energy-
efficient targets for building operation. Similarly, Energy Management Systems
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(EMS)  may  become  more  reliable  as  the  role  of  occupants  is  continually
evaluated  under  these  conditions;  as  a  consequence,  user-related  uncertainties
regarding building energy use may become less challenging.

Indeed,  optimal  operation  is  a  key  aspect  to  guarantee  energy  efficiency  in
buildings  without  compromising  indoor  environmental  quality  conditions.  This
aspect  emphasises  the  importance  of  including  knowledge  from  occupants’
preferences in building maintenance, especially considering that current building
controls are mainly focused on energy-savings rather than occupants’ preferences
[47].  However,  the  literature  already  supports  that  intelligent  and  autonomous
controls for buildings can connect occupants with such systems by including users
preferences  in  decision-making  processes  [48].  It  synthesises  the  potential  of
turning  the  current  building  stock  into  Cyber-Physical  Systems.  By  capturing
occupants’  preferences and needs,  they can be included in the loop of  building
control  to  increase  indoor  environmental  quality  while  high  energy  efficiency
levels  are  reached.  As  a  consequence,  building  stakeholders  must  be  aware  of
several  opportunities  provided  by  technological  innovations  in  this  field.  By
combining  human  preferences  with  up-to-date  technologies,  meaningful
improvements  may be  reached  through the  twofold  relation  created.  Intelligent
building  systems  may  inform  occupants  about  the  best  options  to  control  a
building, e.g. opening internal blinds or shades to increase daylight penetrations
and reduce artificial lighting need. However, occupants’ actions may also provide
valuable knowledge that may improve the algorithms of an intelligent system, e.g.
thresholds  for  indoor  conditions  may  be  updated  when  occupants  adjust
thermostats.  Therefore,  this  subsection  presents  information  about  up-to-date
technologies that may be used to evaluate occupants’ preferences and behaviours
as well as to control building systems based on the sensed information.

Behavioural Sensing

Several  up-to-date  behavioural  sensing  technologies  are  available  to  assess  the
physical aspects related to buildings. Those sensors can help to understand indoor
conditions,  e.g.  air  temperature  and  humidity,  indoor  air  quality,  noise  levels,
illuminance,  etc.  Additionally,  occupant  presence  and  actions  (OPA)  can  be
assessed throughout them, e.g. occupancy, window opening and closing, HVAC
usage, etc. The literature highlights two main groups of sensors that may be used
in buildings: passive and active sensors. This topic shows the differences between
these sensors and some potentials related to their use in the building sector.

Passive sensors can be characterised by their low energy use compared to active
ones  [49].  This  is  expected  because  passive  sensors  do  not  emit  any  energy  to
probe the space since they rely on others’ body energy. Such devices are widely
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used  to  track  localisations,  movements,  as  well  as  behaviours  performed  by
building  occupants.  The  most  common  passive  sensor  is  the  Passive  Infrared
(PIR) sensor, which is highly used to detect occupancy indoors [50]. Therefore,
automated systems may be controlled according to the occupant's  presence and
absence; for instance, artificial lighting or HVAC systems may be turned off when
no  occupancy  is  detected  in  a  given  space.  This  alternative  is  important
concerning the reduction of energy wasting during building operation. However,
the  actions  undertaken  by  an  automated  system  should  be  reliable  to  avoid
bothering building occupants with the unexpected shutdown of the systems. This
trend is evidenced by the literature when the control is based solely on passive
sensors’  data.  As  these  devices  rely  on  others’  body  energy,  “false-off”  is
commonly observed in such spaces because the sensors tend to fail in detecting
stationary  bodies  [51].  In  this  manner,  some  solutions  may  be  considered  to
minimise the “false-off” issue, and the literature supports that passive sensors may
be  combined  with  other  technologies  to  increase  reliability.  Indeed,  capacitive
sensors  were  presented  as  a  solution  to  detect  long-term  stationary  occupancy
indoors  as  a  promising  tool  to  control  HVAC systems  [52].  A  prototype  using
passive infrared array sensors was also created to anonymously collect occupancy
data [53]. Authors concluded that such a device could detect stationary occupants,
especially when lower occupancy level is detected. Passive sensors may also be
combined with active ones, and the outcomes reached minimise fails in stationary
detections. For instance, PIR sensors (to detect occupancy) were combined with
Hall  effect  sensors  (to  detect  when  a  door  is  opened  or  closed),  and  authors
proposed  machine-learning-based  strategies  to  enhance  occupant  presence
detection  and  activity  recognition  [54].  Similarly,  PIR  sensors  were  combined
with plug-load meters in offices to detect energy consumption at the desk level
[55]. Authors achieved high accuracies from the predictions of both presence and
absence  during  the  work  (up  to  99%  and  96%,  respectively).  Therefore,  it  is
important to highlight that even with some hindrances, low-cost approaches may
be  applied  in  buildings  to  improve  occupant  detection  practices.  As  a
consequence, reliable systems for building control may be reached throughout the
building operation phase.

Passive  sensors  are  not  limited  to  occupancy  detection  in  buildings,  and  some
solutions were created to probe occupant behaviours as well. A passive wireless
prototype  that  combines  PIR  with  other  sensors  like  accelerometer  and
environmental parameters sensors was proposed as a way to recognise activities
of  daily  life  [56].  Authors  concluded  that  room-level  resolution  of  activities
recognition  might  be  achieved  with  this  non-intrusive  system.  Similarly,  PIR
sensors were combined with a piezoresistive accelerometer to develop wearable
sensors and track humans’ location while also estimating their behavioural state
[57].  Specific  behaviours  like  real-time bed-egress  were  proposed with  passive
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radio-frequency identification integrated with an accelerometer [58]. Passive and
active sensors were combined in order to monitor specific behaviours of elderlies,
and the created device was able to detect eating behaviours by estimating when
items have been removed from the refrigerator and when plates have been placed
in a table [59]. Some of these alternatives are highly important in households or
health centres with elderly that need assistance throughout the day. However, it is
important  to  highlight  that  they  are  not  limited  or  exclusively  valid  for  those
situations, and all these opportunities found in the literature may be used in smart
building contexts as well as in occupant behaviour studies. Indeed, the inclusion
of passive sensors in low-cost solutions for the built environment may be a way to
improve  user-centred  practices  in  this  field.  Advanced  statistics,  as  well  as
machine learning approaches, are also expected to boost the usage of data from
those solutions as many learning classification algorithms are currently popular.

While  passive  sensors  rely  on  others’  body  energy  (e.g.  an  infrared  emitting
source), active sensors need internal power to operate. The literature supports that
active sensors can use self-generated signals to evaluate a space as well as rely on
motion to probe the intended variables [60]. On this topic, occupancy may also be
detected through active sensing technologies. Occupancy estimation was proposed
by  evaluating  indoor  acoustic  properties  with  ultrasonic  chirps  [61].  Such  an
alternative  can  transmit  ultrasonic  chirps  and  then  assess  how  these  signals
dissipate over time to estimate indoor occupancy with algorithms. Self-generated
signals  and  self-motion  can  also  be  combined  to  boost  sensing  capability.  An
example  of  this  case  can  be  the  combination  of  laser  range  sensor  and  pan-tilt
camera with the ability to move and detect humans even when they are positioned
in blind spots – like behind other occupants [62]. Self-controlled servo-motor was
also  presented  as  an  alternative  to  improve  the  detection  of  stationary  subjects
when  combined  with  pyroelectric  infrared  sensors  [63].  Detection  of  indoor
localisations was proposed with stickers enabled by Bluetooth Low Energy (BLE)
signals and beacons under points with the availability of Wi-Fi [64]. As argued by
the authors, indoor tracking is important to improve the control of systems as well
as the reliability of assistive-living services.

Another remarkable aspect of this field is that active sensors can convert one form
of energy into another. Energy harvesting from environmental sources is a well-
known  technique,  and  it  enables  a  set  of  green  solutions  like  harvesting  wind
power through turbines. However, alternatives for doing so in micrometric scale
are also available, and nanostructured piezoelectric transducers were shown as a
viable solution [65]. Authors argued that this technology enables the conversion
of  slow  fluids  like  human  breaths  into  energy.  Additionally  to  biomechanical
energy  harvesting,  this  innovation  was  also  used  to  detect  gait  cycles  [66].
Although  all  these  alternatives  still  seem  to  fit  monitoring  for  health  care
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10   Occupant Behaviour in Buildings: Advances and Challenges Bavaresco et al.

purposes, they are feasible regarding personalised monitoring, which can increase
knowledge  about  human  behaviour  indoors.  A  positive  outcome  would  be
enhancing  smart  building  control  algorithms  as  well  as  the  proposition  of
personalised recommendations that are expected to satisfy occupants at the same
time that energy-efficient targets are maintained.

Wearable Devices

Gathering data in buildings is important for further improvements in the control
algorithms or  on  the  understanding of  how the  operation  phase  of  the  building
impacts  their  energy  use.  Therefore,  relying  on  the  wide  availability  of
technologies,  and  the  improvement  of  sensing  technologies,  a  set  of  wearable
devices are also currently available. The concept of active sensors that can act like
nanogenerators and harvest energy was applied to create wearable devices. The
literature supports the use of triboelectric nanogenerator to create fabrics that can
be used in smart clothing applications [67]. Advances in this field of intelligent
clothing  were  presented,  and  the  outcomes  show  that  smart  clothing  can  be
independent of external power sources and, even so, can be integrated with other
technology-driven controls [68]. Such a prototype may be used to control devices
as well as monitor occupants in health centres. Another application to understand
humans in health centres was based on wearable sensors to qualitatively assess
arm  movements  in  stroke  survivors  that  need  assistance  [69].  Regarding  the
control of systems, wearable sensors with the ability to recognise human voices
were also proposed [70]. Authors showed that voiceprint recognition enabled by
the system was able to assess the password and the speaker, which can be used to
control devices and building systems.

On the one hand, some wearable devices seem to be still in their infancy stage, as
well  as  have  theoretical  applications  and  their  use  in  the  building  sector  is  not
common  yet.  On  the  other  hand,  there  are  pieces  of  evidence  supporting  that
building  stakeholders  may  already  apply  some  wearable  technologies  to
understand  occupant  behaviour  in  built  environments  better.  For  instance,
wearable  devices  were  used  to  understand  human  perceptions  of  an  indoor
environment with a view on personal attributes [71]. Such wearable devices were
used  to  collect  electrocardiogram,  electrodermal,  and  electroencephalogram
signals  as  physiological  aspects  that  may  be  linked  to  occupant  perception  of
environmental  parameters,  which  directly  influences  their  behaviour.  Wearable
sensors  were  also  combined  with  stationary  ones  to  learning  occupants
interactions with their workplace using machine learning algorithms [72]. An APP
for  Fitbit  smartwatch  was  created  to  enhance  the  collection  and  labelling  of
comfort-related data provided by occupants [73]. This alternative is remarkable
since  authors  enable  the  free  download  of  the  APP aiming  a  broad  application
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throughout  the  world.  A  positive  outcome  reached  with  this  approach  is  that
instead of giving thermal comfort votes in fixed times, this wearable technology
enables  collection  of  data  whenever  participants  want.  This  alternative  may
capture  best  the  moments  of  peak  discomfort  indoors  to  tailor  environmental
conditions  to  meet  occupants’  requirements.  Advances  within  this  study  were
recently published,  and other  dimensions of  indoor environmental  quality were
included (visual and acoustic) [74]. Authors argue that humans can act as sensors
within these conditions, and important improvements in this field may be reached.

Internet-of-Things

The  literature  shows  that  by  monitoring  the  operation  of  buildings  as  much  as
possible,  the  comprehension  of  building  performance  based  on  data-driven
outcomes  will  improve  [37].  Authors  argued  that  data-driven  decision-making
may  guide  the  proper  discovery  of  both  user-related  adversity  and  system
malfunctions. Solutions for those problems may be set by building stakeholders
with the wider availability of information. Relying on the availability of several
sensing technologies, a relevant fact to turn current buildings into Cyber-Physical
Systems, as previously mentioned, is with the concept of Internet-of-Things (IoT).
In  fact,  IoT-based  solutions  can  connect  several  objects  (physical)  with  cyber
components  that  provide  opportunities  to  better  understand  their  relationship.
Such  an  alternative  is  meaningful  for  the  building  sector  because  it  can  be
embedded in automation systems to enable smart control of devices (e.g.  smart
lighting [75]). It is worth mentioning that those alternatives may represent high
costs,  which  is  an  evident  hinder  for  its  application,  especially  in  developing
countries.  However,  the  concept  of  IoT  may  be  reached  in  several  creative
manners. The literature supports the use of everyday objects like smartphones to
evaluate the patterns of HVAC usage in households [76]. Smartphones were also
used to sense the magnetic field inside buildings, which was used as a proxy to
determine  occupant  localisation  indoors  [77].  Such  approaches  are  feasible
considering  that  smartphones  present  several  built-in  sensors,  which  can  probe
intended  variables  and  be  included  in  the  loop  of  an  IoT-based  system.  In  a
broader perspective, a recent literature review highlighted that the advance of IoT
and wireless networks empowered a quick increase in occupant-centric urban data
[78].

Components of an IoT system also provide valuable information that can be used
in the building-control  loop.  For  instance,  device-free occupancy detection and
counting  were  proposed  by  evaluating  the  channel  state  information  (CSI)
observed in IoT systems [79]. Authors used the propagation signals of Wi-Fi as a
proxy to identify whether there are occupants, as well as count them, in a built
environment.  Similarly,  based  on  channel  state  information  and  advanced
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12   Occupant Behaviour in Buildings: Advances and Challenges Bavaresco et al.

machine  learning  algorithms,  it  is  possible  to  infer  occupant  activity  inside
buildings [80]. Such approaches highlight the wide possibilities provided by IoT-
based  systems.  Indeed,  the  propagation  of  Wi-Fi  signals  from  transmitters  to
receivers’  components  encapsulates  meaningful  information,  as  physical
components  like  walls,  doors,  furniture,  and  occupants  impact  the  way  such
signals  are  propagated.  By  recognising  the  impact  of  fixed  elements  on  the
signals, machine-learning-based approaches can infer the extent that occupants’
presence and actions influence this characteristic. Besides that, IoT-based systems
are also useful for real-time monitoring of indoor conditions, which is expected to
increase the knowledge about healthy and comfortable built environments. Indoor
air quality monitoring was proposed with a low-cost IoT-based tool that relies on
measurements  of  environmental  parameters  (air  quality,  temperature,  and
humidity)  coupled  with  a  Raspberry  Pi  microprocessor  and  cloud storage  [81].
Additionally, a literature review regarding technologies and practices regarding
occupant-centric  thermal  comfort  in  buildings  highlighted  that  the  advances  in
IoT  enable  the  vast  collection  of  occupants’  responses,  which  is  promising  to
include occupants’ feedback into building control [82]. IoT frameworks are handy
in this case and have been used to improve the communication between users and
HVAC systems to enable user-centric control [83].

In  addition  to  occupant  votes  being  used  to  tailor  HVAC  operation  in  a  user-
centric  manner,  such  information  is  also  important  as  a  way  to  understand
occupant  preferences  and  behaviours.  The  role  of  feedback  is  presented  in  the
literature as an important alternative in IoT-based systems [84]. Concerning this
matter, it is important to understand that in addition to occupant preferences being
a source of knowledge to adapt systems control, the existing system may provide
some feedback to occupants.  By means of integrated platforms, occupants may
adjust  their  actions  in  order  to  save  energy  without  compromising  their
preferences  regarding  indoor  environmental  quality  (IEQ).  With  this  broad
applicability, the literature emphasised a clear path to deliver buildings with high
IEQ levels and low energy use. For instance, with real-time monitoring of indoor
conditions,  feedback  and  behavioural-based  consumption  change  may  be
achieved,  which  is  a  key  to  enhance  energy  management  systems  in  buildings
continually [37].

Virtual Reality

Virtual reality and immersive environments are emerging as promising tools to
improve  occupant  behaviour  research.  These  technologies  enable  longitudinal
studies  regarding  occupants’  preferences  and  behaviours  in  short-term
experiments  [85].  A  wide  variability  of  conditions  can  be  tested  under  virtual
representations instead of real-world experiences. This alternative may reduce the

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



Occupant Behaviour Research Occupant Behaviour in Buildings: Advances and Challenges   13

costs  of  a  given  experiment  as  smaller  time  frames  are  enough  to  drive
conclusions [86]. The literature emphasised that virtual environments were used
to  collect  occupant-related  information  like  lighting  preferences  [87],  internal
blinds’ adjustments [86], as well as people movements [88]. Although promising,
this  field  still  needs  more  evidence  to  support  that  outcomes  reached  within
virtual  environments  actually  correspond  to  real-world  sensations  [89].
Additionally, the literature supports that some people may face cyber or motion
sickness when experience some virtual environment [89,90]. Researchers must be
aware  of  this  issue  and  guarantee  some  practices  that  are  expected  to  reduce
discomfort of those participants. For instance, the literature supports the use of a
Simulator  Sickness  Questionnaire  to  detect  the  sickness  tendency  of  different
individuals previously to the realisation of the experiment [90]. Occupants with
different tendencies of cyber sickness can be therefore selected for pilot studies of
the designed experiment to adjust the practice before a higher sample is reached.
Additionally, limiting the time of each experiment is also a potential alternative to
reduce cyber sickness, as long exposition to virtual environments may be disliked
by participants.

QUALITATIVE METHODS TO STUDY OCCUPANT BEHAVIOUR

Driving factors for occupant behaviour in buildings are largely discussed in the
literature, but standardised methods for assessing them are still lacking [91]. On
the one hand, this might be interpreted as a weakness of this study area because
results obtained with different experiments may be hardly compared. On the other
hand, such a lack of standardised approaches provides practitioners with several
opportunities for tailoring occupant behaviour evaluations to current needs as well
as  available  resources.  The  literature  already  supports  that  understanding
subjective  aspects  that  lead  to  energy  use  in  buildings  is  crucial,  as  focusing
specifically  on  physical  parameters  may  not  be  enough  [92].  In  fact,  occupant
behaviour  research  needs  multidisciplinary  efforts  [30],  highlighting  the
importance of adding qualitative data to those studies. Although some subjective
or contextual factors may not enhance the mathematical representation of building
performance, they are expected to provide practical advice through case studies
for  improvements  in  building  design  and  operation  [93].  As  emphasised  by
Sovacool  [94],  energy  studies  need  social  science  approaches,  and  this
combination  can  make  energy  research  practices  more  socially  oriented,
interdisciplinary and heterogeneous. As a consequence of mixing qualitative and
quantitative  data,  analytic  excellence  and  social  impact  are  more  likely  to  be
achieved.

Questionnaires  and  interviews  are  the  most  commonly  used  approaches  when
subjective evaluations are included in occupant behaviour research, as shown in a
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14   Occupant Behaviour in Buildings: Advances and Challenges Bavaresco et al.

book on occupant behaviour studies [31]. The book presented a chapter about the
qualitative  methods  mentioned  (questionnaires  and  interviews)  and  provided
important  information  about  the  state-of-the-art  and  future  steps.  Literature
reviews focusing specifically on the use of questionnaires in this field were also
published  [95,96].  With  advances  in  this  area,  energy  efficiency  studies  are
becoming more user-centric and several underlying effects that may be explained
by behavioural theories are being incorporated in research practices as highlighted
by  a  recent  literature  review  [23].  Therefore,  considering  the  importance  of
assessing  subjective  aspects  in  occupant  behaviour  research,  several  potential
methods used in social science studies are available [24,97]. In this topic, some
qualitative methods are presented as a promising way to include subjective data
on occupant behaviour evaluation.

Questionnaires

Questionnaires are highly used in energy-related research, and previous literature
reviews  have  presented  an  in-depth  evaluation  of  approaches  and  challenges
related to them. Considering residential contexts, Carpino et al.  [95] concluded
that,  although  the  use  of  this  method  has  increased  recently,  the  use  of  non-
standardised nomenclature may represent a source of uncertainty.  Authors then
provided  some  guidance  for  future  research,  considering  the  need  to  present
detailed information about the sample evaluated, as well as the homogenisation of
the  nomenclature  used.  Another  literature  review  focused  on  the  use  of  cross-
sectional  questionnaires  in  occupant  behaviour  research  [96].  In  this  case,  the
authors  concluded  that  the  projects  reviewed  were  mostly  focused  on
environmental  and  engineering  factors.  Therefore,  they  suggested  that  future
research  should  encompass  multidisciplinary  approaches  to  gather  more
representative knowledge from field studies. Another literature review provided
comprehensive information about different approaches and specific features when
questionnaires are applied [24]. Authors reported common types and scales used,
as well as the types of questions frequently employed.

Regarding the types of questionnaires, right-here-right-now, cross-sectional, and
longitudinal  ones  are  commonly  used  in  the  field  [24].  Right-here-right-now
questionnaires  comprise  the  approach  of  asking  subjects  for  their  right-in-time
opinions, perceptions or behaviours. As the questions are focused on the current
moment,  retrospective  biases  are  more  likely  avoided  when  compared  to
approaches in which the respondent must provide information about past events.
Right-here-right-now  questionnaires  are  a  standard  procedure  to  collect
occupants’ perceptions about the thermal environment, and many researchers rely
on  the  ASHRAE  55  method  [98].  Besides  its  frequent  use  in  thermal  comfort
studies, such an approach may be applied for other purposes as well. For instance,
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different  dimensions  of  indoor  environmental  quality  (e.g.  lighting,  air  quality,
and  acoustics)  may  be  assessed  through  right-here-right-now questionnaires.  If
combined with concurrent objective measurement, they can provide meaningful
information  to  understand  multi-modal  comfort  aspects  better.  Cross-sectional
questionnaires  comprise  approaches  in  which  larger  timeframes  are  evaluated
[99],  and  they  enable  understanding  tendencies  on  the  topic  of  interest.  As
previously shown, this approach is common in occupant behaviour research [96].
Different from right-in-time questions, this approach may cause some confusion
in the  respondents  when a  large timeframe is  comprised.  It  is  recommended to
limit the scope of the questions to the current season or month instead of asking
about whole-year experiences of occupants [24]. The literature supports the use of
this  approach to assess  patterns of  occupant  behaviours  [100 -  102],  as  well  as
constructs related to it [103 - 105]. Finally, longitudinal questionnaires represent
the scenario in which participants’ opinions are asked more than once in a given
period. Both right-here-right-now and cross-sectional methods can be combined
in  a  large-scale  longitudinal  evaluation  [24].  This  approach  can  provide
practitioners  with  valuable  information  about  differences  in  occupants'
perceptions between seasons [106] or after interventions on the building [107]. An
important  aspect  of  this  kind  of  research  is  the  frequency  of  questionnaire
applications  since  intensive  data  collection  may  bother  participants  and  do  not
result in high-quality outcomes.

The type of questions used in survey-based studies is another important aspect.
Commonly,  both  close-ended  and  open-ended  questions  are  applied  in  energy
research.  Close-ended  questions  are  those  in  which  pre-defined  options  are
presented  to  participants,  and  they  are  asked  to  either  choose  one  (mutually
exclusive) or to select all options that apply (collectively exhaustive). In practical
terms, mutually exclusive questions can facilitate the comparison among trends
reported;  however,  only  one  option  must  apply  to  avoid  frustration  during  the
participation  [97].  A  common  approach  to  guarantee  this  is  the  use  of  Likert
questions,  which  relies  on  asking  participants  to  what  extent  they  agree  or
disagree with a given statement. Similarly, Likert-like questions are highly used in
this field to ask varied opinions of participants regarding the topic of study – not
necessarily if they agree or not. For instance, the literature emphasises the use of
Likert-like questions to assess occupants satisfaction with varied aspects of indoor
environmental quality [108 - 110]. One key aspect when using this approach is
guaranteeing  symmetry  on  the  options  regarding  agreement  and  disagreement
[97].  Collectively  exhaustive  questions  –  also  known  as  check-all-that-apply
questions – provide to participants the option to select as many options as they
want.  Importantly,  both  literature  review and pilot  studies  are  needed to  create
those  close-ended  questions,  because  options  given  must  be  related  to  the
participants’  experiences;  otherwise,  inconclusive  responses  may  be  obtained.
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Finally, open-ended questions enable the participants to provide their opinion. It
requires  more  cognitive  efforts  from  them,  but  important  and  unexpected
information  may  be  obtained  in  the  evaluation.  Besides  the  possibility  of  one
question (or  even the whole  questionnaire)  be open-ended in  a  study,  an open-
ended feature can be included in a close-ended question by providing the option
“Other”  and allowing participants  to  write  an explanation about  this  difference
[24].

Interviews

Interviews are also highly used in occupant-behaviour-related research, and both
individual  or  in-group  data  collection  may  be  considered  [31].  Besides  the
different approaches used, interviews can be compared to questionnaires as a set
of  questions  are  asked  to  participants;  therefore,  data  collection  can  also  be
structured or open-ended. Fully-structured interviews are those in which all the
participants  respond  to  a  set  of  pre-defined  questions.  This  approach  may  be
helpful  when  specific  aspects  need  to  be  evaluated  [111].  Semi-structured
interviews are not completely pre-defined, but a previous structure is created as
well. This method allows for adding topics that emerged during the discussions in
the evaluation. Finally, open-ended interviews allow participants to explain their
opinions about a few pre-established points of interest. Fully-structured interviews
enable the collection of structured data, which may facilitate the comparison of all
the  responses.  On  the  other  hand,  open-ended  questions  may  facilitate  the
discussion between the interviewer and the participants [111], as well as enable
the collection of powerful stories [112]. Collecting stories is shown as a valuable
way to inform building stakeholders about malfunctions as well as opportunities
to improve building performance, especially considering that stories can be more
easily remembered comparing to objective outcomes like numbers [112].

Individual  interviews  can  be  conducted  either  face-to-face  or  remotely.  Both
approaches are valid, and stakeholders should determine which method suits best
their  research  interest.  For  instance,  face-to-face  interviews  are  expected  to  be
more time- and resource-consuming, especially when conducted in situ, compared
to an interview viatelephone or video. However, the literature highlights that in
situ interviews may provide some underlying information or aspects that can be
observed instead of asked [112]. In some cases, the interviews must be performed
in  situ.  For  instance,  asking  questions  to  specific  occupants  like  children  in
kindergartens requires an in situ interaction between the child and the interviewer
in  order  to  allow  the  child  to  become  familiar  with  the  researcher  before
conducting the interview [113,114]. Additionally, interviewers can assess directly
with occupants some daily practices regarding building control, e.g. dwellers can
describe  and  re-enact  common  practices  that  lead  to  energy  use  in  their

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



Occupant Behaviour Research Occupant Behaviour in Buildings: Advances and Challenges   17

households [115]. Such an approach is characterised as a situated and embodied
“telling” technique that improves users participation and communication of their
practices [116]. In monitoring studies, such in situ interviews can be conducted
when  researchers  install  the  sensors  or  equipment  [117],  as  well  as  when  they
remove  all  the  devices.  Less  chance  of  bothering  participants  can  be  achieved
when both needs are combined in one visit. The concept of follow-up interviews
is also presented in the literature, and this approach can be used after an initial
study (for instance, a questionnaire application) to deepen the understanding of
the responses previously provided [118]. As a broad of valuable information can
be  collected  from this  method,  researchers  must  be  careful  about  the  way they
conduct the studies.  A key aspect  is  the span of an interview-based evaluation,
since  participants  may  be  bothered  when  long  interventions  are  made.  The
literature reports a high variability of the duration of interviews, and time intervals
ranging from 30 to 150 minutes were found [92,119].

Differently  from  individual  interviews,  focus  groups  comprise  collective
interviews  in  which  informal  conversations  and  dynamic  interactions  are
encouraged [24]. There are no specific guidelines to conduct a focus group and,
similarly  to  individual  interviews,  several  aspects  can  be  assessed  through  this
method. Satisfaction levels about rented apartments were evaluated using a focus
group approach, and this method was important to gather further information as
previous  questionnaires  and  individual  interviews  were  also  used  [120].  This
method  was  also  valid  to  understand  the  intention  of  house  owners  regarding
refurbishment activities of recently built housing [121]. Besides understanding the
occupant  perspectives,  focus  groups  were  also  used  to  evaluate  opinions  and
approaches used by professionals of the building sector regarding building energy
modelling  [122].  Such  an  alternative  can  drive  changes  on  the  design  process
since key shortcomings on the process can be assessed, especially when a group
of  professionals  within  an  organisation  is  considered.  Along  these  lines,  this
method is an important alternative to gather knowledge from experts in a field.
The  literature  supports  the  use  of  focus  groups  in  workshops  to  understand
specific aspects of building design [123], but this trend can be extended to other
aspects of the building sector. For instance, workshops or conferences can provide
valuable  opportunities  to  conduct  focus  groups  with  experts  in  the  field  of
occupant  behaviour  in  buildings and user-centric  design to  discuss  advances in
these areas. Therefore, direct adaptation in daily practices could be implemented
in occupant behaviour research. Similarly to individual interviews, the duration of
a  focus  group  must  be  carefully  decided  as  long  data  collection  may  bother
participants. As there are no specific rules, varied durations like  45  minutes up to
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180 minutes were found [124,125]. Besides time, one further aspect that must be
considered is the sample used in a focus group; commonly, six to eight people are
recommended [97].

Personal Diaries

Diaries can be understood as a self-administered questionnaire, and this method
allows  gathering  contemporaneous  and  frequent  information  if  participants  are
engaged  with  the  experiment.  Besides  the  important  role  in  data  collection,
personal diaries may also have an indirect effect on occupants’ awareness of their
impact on the energy use or performance of a building [126]. Authors state that
personal diaries offer a chance to occupants reflect upon daily habits as well as
explain  them,  which  provides  valuable  information  regarding  building  control.
Additionally, data collection can be both paper-based or electronic, and the latter
is less time-consuming for the participants and researchers [127]. Electronic data
collection  also  enables  the  inclusion  of  photos  or  videos  to  contextualise  the
actions undertaken. On the one hand, this method allows gathering data in natural
settings,  which  may  reduce  uncertainties  like  retrospective  bias.  On  the  other
hand,  it  requires  commitment  from  the  participants,  and  low  response  rates  or
even blank diaries may be achieved at the end of the experiment [97].

Many studies relied on personal diaries or similar approaches to drive meaningful
conclusions about occupant-related energy use in buildings. For instance, Time
Use Surveys (TUS) are largely adopted throughout the world, and they consist of
requesting participants  to  record their  presence and activities  in  small  intervals
during a few days. A case study using TUS method was conducted in Denmark,
and the outcomes enabled to profile occupant behaviour in dwellings to enhance
occupant  representation  in  building  performance  simulations  (BPS)  [128].
Authors relied on a large-scale data collection from 4679 households. However,
an important aspect is that each participant provided their daily habits only for one
weekday and one day of the weekend – both determined by the researchers. By
doing so, more commitment is expected from the participants compared to long-
term experiments. With some variations in the details, a case study with TUS was
also  conducted  in  the  U.S.A  [129].  In  this  case,  there  were  17  pre-established
activities,  and  participants  should  choose  among  them  for  the  intervals  they
reported  in  the  diary.  Therefore,  activity  types  were  achieved  by  grouping  the
responses  in  categories  like  “away  from  home”,  “sleeping”,  “cooking”,
“dishwashing”,  and  so  forth.  Such  a  combination  can  also  provide  valuable
contributions to modelling occupant presence and actions for BPS. Many other
case studies were also conducted using data from TUS, and the literature supports
that  advanced  data  mining  or  machine  learning  techniques  can  extract  reliable
models of occupant behaviour [129 - 131].
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Other kinds of experiments may also include diaries. For instance, the literature
supports that this method helps to understand the satisfaction levels of occupants,
and  it  can  be  combined  with  objective  measurements  to  have  a  deeper
comprehension of occupant preferences [132]. Such an approach can be adopted
to evaluate the comfort thresholds of occupants. Therefore, instead of asking them
to provide information about a whole day, diaries can be used to register specific
moments  in  which  participants  felt  discomfort  indoors.  Besides  dissatisfaction,
such  in-time  registration  may  provide  ground  truth  when  sensors  are  being
developed to capture energy-related events in buildings [133]. It  is evident that
several approaches are valid in occupant behaviour research, and experiments can
achieve  good  results  by  relying  on  available  methods.  Then,  it  is  up  to  the
researchers  to  choose  specific  details  of  the  experiment  undertaken,  as  well  as
selecting  a  representative  sample.  Regarding  personal  diaries,  as  previously
mentioned, small timeframes for data collection is expected to reduce bothering
levels and, as a consequence, increase the adherence to the research. However, it
is worth mentioning that long-term data collection with personal diaries was also
conducted [134]. The use of long-term evaluations, meaningful information about
seasonal variations within the environment, as well as the strategies to deal with
perceived problems, are expected to enrich studies in this field.

Post-Occupancy Evaluation

Post-occupancy  evaluations  (POE)  comprise  a  process  of  methodological  data
collection  about  building-related  aspects  in  facilities  that  have  been  previously
occupied  [135].  Such  an  approach  can  drive  meaningful  conclusions  about
misfunctioning  parts  of  a  building,  as  well  as  provide  insights  to  solve  current
problems  and  enhance  indoor  quality  by  understanding  occupants’  needs  and
preferences.  However,  the  literature  supports  that  POE  is  not  commonly
conducted,  and  it  is  especially  common  when  the  budget  allows  or  when  a
specific  problem  is  observed  [112].  Besides  that,  POE  provides  valuable
opportunities  for  building  designers  to  continually  improve  their  practices  by
understanding what is and what is not working as intended in a facility. A recent
POE-based study also highlighted the valuable  insights  provided by qualitative
information  reported  by  occupants  [136].  In  this  case,  authors  showed  that
allowing  occupants  to  submit  photographs  about  their  workplaces  provide
contextual  information  about  building  interfaces,  which  is  handy  even  for
improvements on the interface design. However, the authors also raised questions
about  privacy issues  since  the  inclusion of  photos  may be  sensitive  and hinder
anonymisation  procedures.  Thus,  future  research  must  carefully  consider  such
ethics  and  privacy  if  photograph-based  evaluations  are  intended.  POE  is  also
linked with advances in green building certificates, since one may understand if a
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certified  building  is  performing  as  expected.  Concerning  this  matter,  a
comprehensive literature review was presented, and aspects like building energy
consumption,  indoor  environmental  quality  performance,  and  occupant
satisfaction  in  green  buildings  were  evaluated  [137].  Although  the  authors
concluded  that  green  buildings  tend  to  present  some  advantages  on  operating
performance, there is still a huge performance gap between operation and design
phases. Therefore, it is important to popularise POE to continually evaluate field
data with a view of building occupants to improve other green buildings’ design
and certifications.

To have a comprehensive overview of the building during its operation, POE can
use  several  approaches.  For  instance,  the  literature  shows  that  three  main
categories of data collection can compose a POE: perception (e.g. questionnaires
and interviews), monitoring (e.g. objective measurements and benchmarking), and
observation (e.g. walkthroughs and historical records) [138]. Authors argued that
a  given  POE  should  not,  necessarily,  apply  varied  techniques  from  all  the
categories;  however,  by  combining  them,  a  comprehensive  overview  of  the
building  may  be  reached.  By  associating  surveys  to  understand  occupants’
satisfaction levels with indoor monitoring and walkthroughs, researchers can dive
deep on specific aspects that either boost or hinder occupant wellbeing indoors.
As an indirect consequence of the variability of methods and their combinations
allowed in occupant behaviour research, the literature supports that POE can rely
on the assessment of diverse aspects. In other words, POE can be case-specific in
many situations,  and  results  tend  to  be  hardly  generalisable.  It  should  not  be  a
discouragement for further research, as studies with similar approaches provided
fruitful contributions to understand occupant-related aspects [112]. Finally, as a
consequence  of  the  diversity  of  methods  applied,  POE  can  present  various
performance  indicators  for  the  building  community  as  well.  Among  them,  the
literature highlights design quality, indoor environmental quality, and quality of
services [139].

Comparison of Qualitative Methods

As many qualitative methods may be applied in this field, researchers should pay
attention to the associated pros and cons of each method available [24]. Therefore,
Table 1 synthesises some advantages and disadvantages of each method presented
in this chapter. The purpose of this analysis is not disclosing one method as better
than others; rather, it is aimed to facilitate further experiments’ design by showing
the convenience of adopting each method.
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COMBINATION  OF  TECHNOLOGICAL  INNOVATIONS  AND
QUALITATIVE METHODS

This  chapter  provided  literature-based  evidence  that  both  technological
innovations  and  qualitative  methods  can  significantly  improve  occupant
behaviour research. The former is expected to provide practitioners with objective
measures, while the latter is vital to contextualise and inform subjective aspects
related  to  buildings’  operation  and  performance.  As  presented  throughout  this
chapter, modern buildings can be characterised as Cyber-Physical Systems (CPS)
with the advance of technological innovations that can combine physical aspects
with cyber components [37,46]. Such a combination is fruitful as information may
be exchanged between them; indeed, automation systems and building occupants
alike  may  learn  and  improve  practices  with  a  so-called  CPS.  In  this  way,  the
literature  also  supports  that  modern  buildings  are  emerging  as  Cyber-Physica-
-Social Systems (CPSS) by including the social dimension into a CPS framework
[24].  Qualitative  knowledge  is  therefore  a  vital  aspect  within  this  field,  and
methods used in social sciences are expected to enhance the representation and
understanding  of  the  social  dimension  in  a  given  CPSS  context.  Therefore,
multidisciplinary  approaches  are  expected  to  keep  cyber,  physical,  and  social
components working together in the loop of building performance. By combining
up-to-date technologies with qualitative data collection, plenty of information to
understand  the  extent  that  social  components  influence  a  physical  feature  is
expected.

Table 1. Pros and cons of each method presented in this chapter.

Method Advantages Disadvantages

Questionnaire - A variety of types of questions as
well as questionnaire applications have

been used in this field, which
facilitates data collection;

- Possibility to collect data online,
which reduces the cost of the survey
and enables achieving a high number

of responses;
- Questionnaires can be anonymous,

respecting privacy concerns.

- Participants can feel bored and give up
before completing their answers;

- If printed questionnaires are adopted, data
curation and analysis can be tricky;

- Although enabling the collection of many
answers, researchers must be careful when

inviting participants to have a representative
sample – especially if the results are expected

to be generalised at a population level.
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Method Advantages Disadvantages

Interview - Interviews can be used as a follow-up
method, e.g., after participating in a

project, some subjects may be invited
on interviews to clarify trends;
- The conversational approach

provides flexibility, and the
interviewer can adjust the questions

accordingly;
- If in situ interviews are used,

researchers may observe
complementary aspects.

- Comparing to questionnaires, data analyses
are harder because interviews must be

recorded and transcript;
- Also, this method is more time-consuming

since each response demand the full-time
involvement of an interviewer;

- If in situ interviews are used, both time and
resources for travelling should be considered.

Personal diary - Right-in-time data collection is
enabled in multiple spaces even more

than once a day;
- Rigorous data collection can provide

ground truth information for
measurements in the field;
- Diaries can provide some

consciousness regarding building
operation as occupants become more

aware of their practices.

- Data collection depends completely on the
participants’ willingness to fill the diary.

Thus, even blank instruments may be
returned at the end of the monitoring period;

- Highly demanding designs (e.g.,
participants reporting their opinions more
than once a day) may result in high boring

levels.
- Training sessions may be needed to

guarantee proper data collection.

Post-occupancy
evaluation (POE)

- POE is a good way to include
professionals in the loop of building
performance, aiming to evaluate if

design or retrofit decisions are
performing well;

- As researchers are expected to visit
the building, they can observe
underlying aspects of systems

operation and control;
- Several methods may be combined in

a traditional POE, enabling
triangulation of data, and higher

reliability may be reached.

- Although it enables triangulation of data,
the lack of standard protocols to conduct

POEs may lead to hard-to-compare results as
well as exhausting data analysis practices;

- More than one researcher may be required
during a POE practice, which may increase

the cost of applying this method;
- Although different actors may be included

in this practice, there is still a lack of
consensus about who should be responsible

for conducting such evaluations.

When  it  comes  to  technological  innovations,  this  chapter  provided  insights  on
several  behavioural  sensing  that  apply  to  this  field.  Indeed,  passive  and  active
sensors, as well as wearable devices, are expected to probe specific aspects related
to occupants’  presence and actions indoors.  It  is  up to building stakeholders  to
target  their  needs  along  with  their  facilities.  For  instance,  passive  sensors  are
reported as less expensive than the other ones, and they are largely used to detect
occupant presence in buildings. Active sensors, differently from passive ones, rely
on internal power to operate instead of using other bodies’ energy. Therefore, they
are expected to be more reliable when it  comes to detecting stationary subjects
inside a building. Additionally, active sensors can convert energy from one form

(Table 1) cont.....
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to another, which benefits the creation of nanogenerators that can be used in smart
clothing  or  other  smart  devices.  Indeed,  such  wearable  devices  can  drive
important changes in the understanding of occupants’ physiological aspects, daily
routines and their relation to building adjustments. Wearable devices like Fitbit
smartwatches  were  provided  with  an  APP  to  assess  occupants’  preferences
regarding indoor conditions [73]. It can be characterised as a big improvement in
the  field,  as  humans  can  then  act  as  sensors  for  buildings  [74].  Data  security
should be ensured and dealt with properly in order to avoid any risk to occupants.
By putting humans in a central  position in the loop of building assessment and
control, a greater acceptance of indoor conditions can be achieved.

In  this  manner,  Internet-of-Things  (IoT)  technology  is  a  key  concept  when  it
comes  to  turning  actual  buildings  into  Cyber-Physical  Systems.  Indeed,  by
combining all  the needed sources of information (e.g.  by using diverse sensing
technologies),  IoT-based  frameworks  can  gather  necessary  knowledge  to
understand trends on occupant behaviours and preferences. In fact, a huge body of
data can be collected when those devices are installed in a building, which can
provide  professionals  with  guidelines  for  designing  user-centric  buildings.
Additionally, another consequence of evaluating these aspects is the creation of
better  algorithms  to  control  building  systems  –  i.e.  occupant-centric  control
(OCC) [140]. Finally, virtual reality and immersive environments can be used to
represent real-world scenarios to reach responses from occupants. This practice
can reduce the time of longitudinal studies as several variations can be performed
within the graphical representation.

However,  although  varied  technological  innovations  are  likely  to  improve
occupant  behaviour  understanding  and  representation,  focusing  solely  on
objective  measurement  may  not  be  enough.  Additionally,  it  is  discussed  in  the
literature  that  occupant  acceptance  of  such  devices  is  worthy  of  consideration.
Both  high  costs  and  privacy  concerns  may  reduce  the  acceptance  of  new
technologies in the building sector. Trust is a fundamental aspect when it comes
to  adopting  these  features  in  buildings,  and  a  model  based  on  the  theory  of
Technology  Acceptance  Model  was  proposed  [141].  Occupant  trust  and
acceptance  are  also  necessary  for  smart  buildings  with  innovative  automation
systems. For instance, when systems exclude people’s preferences during building
operation, little control is perceived by occupants, and poor acceptance may be a
consequence [142]. Such a trend shows the need for multidisciplinary approaches
to  understand  occupants’  preferences  inside  buildings,  as  well  as  to  propose
trusted  and  accepted  innovative  models  for  building  control.

On  this  topic,  meaningful  improvements  are  expected  by  involving  different
stakeholders with varied expertise to boost building design and operation. Indeed,
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the literature supports that qualitative methods like surveys, interviews and post-
occupancy evaluations (POE) can provide stories about building performance, and
designers  can  learn  from  occupants  to  guarantee  that  future  projects  will  not
present  similar  issues  [112].  Importantly,  the  authors  argued  that  stories  and
qualitative  data  might  be  memorable  to  occupants,  owners  and  designers
compared  to  quantitative  data  like  graphs  and  advanced  statistics  [112].
Therefore, this chapter presented updated information about qualitative methods
commonly  used  in  social  science  studies  that  suit  energy  research,  especially
considering occupant-related aspects. As shown, questionnaires are highly used in
this  field  and  can  provide  contextual  information  to  enhance  current  practices
[24,95,96].  Specific  formats  can  be  applied  according  to  the  needs  of  a  given
project – e.g. both cross-sectional and longitudinal survey-based evaluations may
be used. Cross-sectional evaluations can give an overview of a target topic and
present tendencies reported by the participants considering a given time interval.
Longitudinal questionnaires, on the other hand, rely on at least two scenarios (e.g.
summer  versus  winter  or  pre-  versus  post-retrofit)  to  drive  conclusions  on
occupant-related  aspects.  As  no  standardised  methods  are  available  to  assess
driving  aspects  for  occupant  behaviours  in  buildings  [91],  each  project  may
benefit  from  local  features  that  enrich  evaluations.  Additionally,  considering
questionnaire-based evaluations, differences in the questions asked are also highly
denoted,  and  this  chapter  presented  varied  structures  that  may  apply.  It  is,
therefore,  up  to  professionals  involved  in  such  studies  to  determine  the  best
practices  considering  local  needs.

Although  questionnaires  are  commonly  used,  the  scope  of  qualitative  data
collection should not be limited to this method. This chapter also provided some
insights  regarding  the  use  of  interviews,  personal  diaries  and  post-occupancy
evaluations.  Interviews  are  indeed  great  ways  to  approach  building  occupants
either  individually  or  in-group.  Their  scope  can  vary  from open-ended  to  fully
structured, depending on whether all the participants respond strictly to the same
questions  or  more  conversational  parts  are  allowed.  Professionals  can  apply
interviews to  gather  new knowledge on a  given topic,  as  well  as  to  deepen the
understanding of specific aspects after a questionnaire application [118].  When
conducted in situ, interviewers can directly observe facts that are not likely to be
reported, as the presence of mould or smoke smell that indicate poor ventilation
rates [143]. Additionally, participants can re-enact their common practices so that
researchers  can  truly  understand  the  personal  influence  on  building  control,  as
well as detailed manners that different people deal with building interfaces [115].

Personal diaries are also promising in this field since occupants can be placed in a
fundamental position of data collection. Such an aspect result in a twofold issue,
because  if  occupants  are  not  engaged  enough  in  the  experiment,  very  low
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response rates will be achieved, and conclusions will be hindered [97]. Even so,
international  efforts  have  relied  on  personal  diaries  data  to  enhance  occupant
behaviour research. It is the case of applying Time Use Surveys (TUS) in local
contexts  to  assess  patterns  of  occupant  presence  and  actions  [128  -  131].  As
shown throughout this chapter, TUS provide a great opportunity to study occupant
behaviour as each participant is expected to report his/her actions during a few
days. If a large sample is reached, a meaningful representation of the typology of
study  is  expected.  Besides  that,  large  data  collections  are  also  possible  using
personal  diaries.  Although  being  conditional  upon  participants’  willingness  to
report their actions or sensations, the literature supports that previous research that
relied on this method also reached fruitful outcomes [134]. Finally, this chapter
provided some insights on post-occupancy evaluations (POE), which represent a
series of methodological data collections after a period of occupancy in a building
[135]. POE is widely used by the scientific community. Although promising to
evaluate how the design is performing after construction, the literature supports
that it is not a common practice among stakeholders, and it is mostly conducted
when specific problems are observed or when the budget allows [112]. However,
understanding how a facility is performing during its operation is key to enhance
other designs as well as present solutions to improve misfunctioning aspects in the
current one.

It is clear that both technological innovations and qualitative methods are likely to
provide  important  pieces  of  information  to  understand  and  represent  occupant
behaviour in buildings. Specifically, when it comes to technologies, they can also
control building features within an automation system. However, occupants and
their  preferences  must  be  included in  the  loop of  building control  to  guarantee
trustiness  and  acceptance  of  such  systems.  Therefore,  objective  and  subjective
methods alike are needed in this field of research. Even by including up-to-date
behavioural  sensing  in  an  IoT-based  building  automation  system,  the  social
dimension of a so-called Cyber-Physical-Social System needs to be carefully and
continually evaluated. Careful assessments are necessary to understand as many
relations between humans and buildings as possible. For instance, how occupants
respond  to  different  indoor  environmental  conditions  as  well  as  non-physical
parameters [144]; to what extent the internal layout may affect their satisfaction
and productivity [145]; to what extent occupants perceive that they are in control
of  building  systems  [146];  or  even  how  they  deal  with  different  building
interfaces  [21].  Continuous  assessments  are  also  important,  considering  that
varied  climatic  conditions  –  as  extreme  events  –  are  likely  to  happen  more
frequently  due  to  climate  change  and  affect  building  performance  [147].
Additionally,  it  can  guarantee  that  indoor  conditions  are  satisfactory  even  if
spaces are converted to different uses or occupants [148]. Therefore, combining
innovative  technologies  with  qualitative  data  collection  can  deepen  the
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understanding and representation of occupant presence and actions indoors. As no
standardised method is available, building stakeholders should rely on accessible
resources and start collecting information and stories with building occupants.

CONCLUDING REMARKS

This chapter focused on a theoretical demonstration of the potential of combining
technological innovations and qualitative methods to evaluate occupant behaviour
in buildings, as well as to include it in the loop of building control. This concept
relies  on  the  fact  that  modern  buildings  can  be  considered  Cyber-Physical
Systems. Such a characteristic is enabled by innovative technologies that combine
physical  features  with  cyber  representations,  as  well  as  exchange  information
between  them.  However,  by  focusing  specifically,  on  objective  measures,  the
outcomes achieved might be little accepted by the occupants.  Therefore,  it  was
concluded  that  several  methods  commonly  used  in  the  social  sciences  might
provide stakeholders of the building sector with ways to understand occupants’
preferences  and  behaviours.  By  carefully  and  continually  assessing  occupants’
views  regarding  their  buildings,  such  rich  information  can  improve  the
performance of  technology-driven systems.  Thus,  an  in-depth  understanding of
occupant-related  aspects  can  evolve  modern  buildings  by  turning  them  into
Cyber-Physical-Social  Systems  (CPSS).  By  combining  technical  and  social
dimensions in this new generation of buildings, occupants’ satisfaction and energy
use  can  be  improved.  Importantly,  understanding  occupants’  preferences  in
buildings  should  not  be  a  bothering  task  as  stakeholders  may  apply  available
resources  and  tailor  experiments  to  local  contexts.  Indeed,  by  enriching  data
collection and presentation, more professionals can access previous outcomes and
adapt  their  practices  towards  achieving  comfortable  and  energy-efficient
buildings.
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CHAPTER 2

Monitoring Occupant Window Opening Behaviour
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Abstract: People’s behaviour can significantly impact both the energy consumption
and the indoor thermal environment of the buildings, and of particular interest is their
window opening behaviour. A better understanding of why, when and how occupants
open  windows  is,  therefore,  essential  in  the  quest  to  achieve  low-carbon  buildings.
Many  studies  have  sought  to  answer  these  questions  based  on  behavioural  data
measured in actual buildings. This paper introduces existing methods that have been
used  to  monitor  occupant  window  opening  behaviour  in  buildings  based  on  a
comprehensive  review  of  literature,  as  well  as  for  relevant  influential  factors,  and
critically discusses the advantages and disadvantages of each method. The review has
identified  five  methods  monitoring  window  usage  (i.e.  self-recording,  electronic
recording,  observing  by  surveyors  and  self-estimating),  and  each  method  has  its
advantages and disadvantages in terms of feasible sample size, monitoring interval and
duration, recognition of window states/opening angle, and the relative dynamic nature
of  behaviour.  The  aim  has  been  to  provide  researchers  with  systematic  criteria  for
selecting  a  suitable  monitoring  method  for  their  specific  research  objectives.
Additionally, the paper demonstrates the need for a standard method for monitoring
relevant influential factors, as these varied considerably between existing studies with
respect to the accuracy, interval and location. Such variation clearly has the potential to
influence the ability to perform cross-study comparisons.
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INTRODUCTION

The high importance of occupants’ role in the performance of buildings has been
demonstrated  by  both  real  measured  data  [1  -  7]  and  building  performance
simulation [8 - 14]. As Gram-Hanssen [15], Ben and Steemers [16] and Pisello
and Asdrubali [17] have argued, how occupants use the building has a direct and
significant impact on the building’s indoor environment and energy consumption,
no  less  than  the  building  construction  and  building  systems.  Furthermore,
occupants’  behaviour  within  the  buildings  can  also  affect  their  comfort
perceptions: when provided with a higher level of adaptive opportunities [18] (e.g.
opening/closing windows, adjusting blind/shading positions and turning up/down
thermostatic settings) to rebalance comfort, occupants displayed greater comfort
acceptance [19 - 21].

In order to achieve energy efficient buildings the aspect of occupant behaviour is
crucial and should not be neglected [22 - 27]. It has been demonstrated by Masoso
and Grobler [28] and Guerra-Santin [29] that improper building use may cause a
significant waste of energy, and user-centred building control strategy can greatly
help to reduce the building’s energy demand [30, 31]. Furthermore, according to
Ben and Steemers [16] and Wei et al. [32] insufficient consideration of occupant
behaviour  when retrofitting/refurbishing  buildings  may also  lead  to  improperly
selected energy efficient measures. Aiming at a golden role proposed by Masoso
and  Grobler  [28],  i.e.  ‘If  you  don’t  need  it,  don’t  use  it’,  for  building  energy
saving,  a  number  of  studies  have  been  carried  out  to  make  occupants  use
buildings more energy efficiently [33 - 40], achieving low-carbon life styles [41 -
44]. Mullaly [45] has pointed out the importance of this task should be of serious
concern not only by building users, but also by local and national government.

Occupant behaviour is a complex process: it is influenced by a number of factors
[46 - 49] and can manifest itself in what Peng et al. [50], call various modes, i.e.
time-related,  environment-related  and  random.  When  introduced  into  building
simulation  models,  occupant  behaviour  appears  to  be  one  of  the  biggest
contributors  to the gap between the predicted and actual  building performance,
commonly considered as performance gap [51 - 56]. This being the case, it has
been  argued  that  improved  representation  of  occupant  behaviour  in  building
simulation is of paramount importance for the optimisation of building design for
real applications [57 - 59].

Windows, as an important component of building façade, have a major impact on
buildings’ indoor visual environment and energy consumption [60 - 62]. In non-
air-conditioned buildings, opening windows provides a useful way for occupants
to adjust their indoor thermal environment [63, 64] and air quality [65, 66], via
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promoted air exchange between indoors and outdoors [67 - 70]. However when
the building is heated or cooled mechanically, opening windows will cause extra
energy  loss  [62,  71  -  74].  Wei  [75]  has  revealed  that  in  the  past  30  years,  a
number  of  studies  have  been  performed  using  engineering  methods  to  gain  a
better understanding of why, when and how occupants open windows. Generally,
these studies started from a field monitoring of occupant window use in buildings,
concurrently with a recording of relevant environmental and non-environmental
parameters,  as  shown  in  Fig.  (1).  Then  the  studies  can  be  grouped  into  two
methodological fluxes. Studies following Flux 1 were designed mainly to evaluate
the  impact  of  occupant  behaviour  on  the  building  performance,  such  as  indoor
environmental quality and energy consumption, based on the real measured data
from the building [68, 76, 77]. Studies based on Flux 2 were aiming for deeper
research  on  occupant  window  opening  behaviour,  namely  developing  reliable
behavioural models, to reduce the gap between the building simulation results and
actual building performance [78 - 83]. These studies generally included a ‘driver
determination’  stage,  in  which  all  monitored  environmental  and  non-
environmental  parameters  were  assessed  for  their  influence  on  the  state  of  the
windows.  The  parameters  with  significant  influences  were  categorised  as
‘drivers’/‘factors’ of window opening behaviour [46, 47] and were used to build
statistical  models for window state predictions [84].  After a validation process,
these models would be used in building performance simulation to provide more
reliable simulation results to support building design and operation.

In both fluxes shown in Fig. (1), apparently, the monitoring stage is fundamental
as  it  provides  the  raw  data  that  is  used  for  later  analysis.  Therefore,  a  critical
understanding  and  controlling  of  the  accuracies  of  available  data  collection
methods  are  extremely  important  both  existing  data  usage  and  future  data
collection.  This  paper,  therefore,  presents  a  critical  review of  existing  methods
that have been used to monitor occupant window opening behaviour in buildings,
and discussed their advantages and disadvantages. Additionally, existing methods
that  have  been  used  to  monitor  relevant  influential  factors  have  been  critically
reviewed and compared as well.

MONITORING OCCUPANT WINDOW OPENING BEHAVIOUR

In existing studies regarding occupant window opening behaviour in buildings,
there are five methods that have been used to monitor the window usage (either
on/off or opening angles) by building occupants:

Self-recording by building occupants;1.
Recording by electronic measuring devices;2.
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Observing by surveyors;3.
Self-estimating by building occupants; and,4.
Camera-based estimation.5.

Fig. (1).  Two methodological fluxes for studies of occupant window opening behaviour.

The  studies  reviewed  in  this  section  were  all  focusing  on  occupant  adaptive
behaviour in buildings with window opening behaviour as one major component
of  the  analysis.  In  total,  50  studies  involving  this  topic  have  been  found.  The
papers cited in the following discussions have been taken mainly from (1) high
SCI  impact  journals  (75%),  such  as  Energy  and  Buildings  or  Building  and
Environment;  (2)  key  conferences  (20%),  such  as  the  ACEEE  Summer  Study
conference  and  the  Windsor  conference;  and  (3)  academic  technical  reports  or
PhD thesis (5%), using keywords like ‘occupant behaviour’, ‘adaptive behaviour’,
‘window behaviour’ and ‘window control’.

Field Monitoring

Window opening 
behaviour

Environmental 
parameters

Non-environmental 
parameters

- Window state or 
window opening 
angle

- Indoor temperature
- Indoor RH
- Indoor CO2 level
- Indoor air velocity
- Outdoor temperature
- Wind speed
- Wind direction
- etc.

- Season
- Time of day
- Building type
- Facade orientation
- Floor level
- Occupant gender
- Energy consumption
- etc.

‘driver’ 
determination

Statistical 
modelling

Performance 
simulation or 

prediction

Performance 
analysis

Logistic models Weibull modelsQuadratic models

Flux 2Flux 1

Indoor environmental 
quality

Building energy 
demand

- Indoor temperature
- Indoor air velocity
- Indoor CO2 level
- etc.

- Heating demand
- Cooling demand
- etc.

Model validation
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Self-Recording Window Usage By Building Occupants

The self-recording method for window usage involves asking building occupants
to record the window state themselves by filling out questionnaires or logs. This
method has been used in several existing studies to monitor occupants’ window
opening behaviour in buildings.

Haldi and Robinson [85] carried out a case study in several non-air-conditioned
office buildings in Switzerland, during which the building occupants were asked
to record their clothing level, activity level, thermal sensation and preference, as
well as adaptive opportunities, such as opening a window, exercised during the
preceding  hour.  Occupants  recorded  the  information  by  completing  a  short
electronic questionnaire installed on their personal computers, three or four times
per day. A similar method has been adopted by Nicol and Humphreys to monitor
occupants’  window  usage  in  three  projects  that  explored  thermal  comfort  and
human  behaviour  in  non-air-conditioned  office  buildings  [86  -  88].  All  three
projects included a longitudinal and a transverse survey. The longitudinal survey
collected data,  including the  use  of  windows,  from building occupants  three  to
four times a day and allowed assessment of changes in the building’s environment
and  the  occupants’  response  to  these  changes.  The  transverse  survey  was
performed once a month for each participant, aiming to increase the number of
samples (the number of subjects investigated) of the study. In Denmark, Andersen
et al. [89] have asked occupants to provide information about their window usage
using  an  online  questionnaire,  by  answering  the  question  “Right  now,  is  the
window in the room you are sitting in open?”. A similar question has been used
by Liu et al. [90] in a field study carried out in China.

In  two  field  surveys  conducted  in  August  and  September  2003  in  Hyogo  and
Osaka in Japan, Nakaya et al. [91] asked building occupants to self-record their
window  usage  using  questionnaires,  at  a  frequency  of  10  minutes.  A  similar
questionnaire has been used by Iwashita and Akasaka [72] when evaluating the
influence  of  occupant  behaviour  on  natural  ventilation  rates  and  indoor  air
environment in summer. Beko et al. [66] also adopted this method to investigate
the impact of indoor environment on asthma and allergy among children. In this
study,  the  ‘opening  angle’  of  windows  (closed,  ajar  or  fully  open)  rather  than
‘window  state’  (open  or  closed)  was  recorded  continuously  by  the  children’s
parents  [92].  In  a  study  carried  out  in  California,  USA,  Offermann  [65]  asked
building occupants to self-record their use of windows, using a log placed on the
glass  or  panel.  In Germany,  Hellwig et  al.  [93]  carried out  field studies  in two
schools  for  an  estimation  of  the  influence  of  occupants’  window  opening
behaviour on the classrooms’ indoor thermal environment, and the self-recording
method was adopted in the study carried out in the first school.
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Recording Window Usage by Electronic Measuring Devices

Electronic measuring devices provide a convenient and continuous way to record
occupants’  window  use  and  they  have  been  widely  used  in  existing  studies.
Normally, an electronic measuring device includes a sensor, which can detect the
window state or opening angle, and this state/angle will be recorded automatically
by a data logger at a specified logging interval. Two types of sensors have been
adopted by Andersen et al. [94] in their eight-month field study carried out in 15
Danish dwellings,  so  both the  window opening state  and opening angle  can be
captured. For measuring window states, a pair of magnetic contact sensors was
used to determine whether the window is closed or open, and for measuring the
window opening angle an accelerometer was used. Figs. (2a and 2b) have shown
an  example  of  each  method  respectively.  The  window  state  was  measured  by
gathering and storing momentary contact events using special data loggers, such
as an event data logger. The accelerometer method of measuring window position
applies  the  principle  that  by  measuring  angular  displacement  in  three  specific
spatial directions, x, y and z, the tilt  and duration of an opened window can be
determined. In the studies carried out by Schweiker et al. [95] in both Switzerland
and  Japan,  window  opening  angle  was  measured  by  a  potentiometer  whose
electrical resistance varies with the opening angle. Herkel et al.  [81] have used
two pairs of window contacts to differentiate between tilted open and fully open,
one on the side and one on the bottom of the frame.

Fig. (2).  Measurement of window state (a) and window opening angle (b).

This technique has been widely adopted by other researchers as well to capture
occupants’  window opening  behaviour  in  both  residential  and  office  buildings.
These include studies by Yun and Steemers [79, 80], Yun et al. [96], Haldi and

  
(a) (b) 
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Robinson [78], Dutton and Shao [97], Fritsch et al. [98], Erhorn [99],   Antretter
et  al.  [100],  Li  et  al.  [101],  Weihl  and  Gladhart  [102],  Schakib-Ekbatan  et  al.
[103], Jeong et al. [104], Wei et al. [105] and Bruce-Konuah [106], as well as the
second of the studies already mentioned, that were carried out by Hellwig et al.
[93].

Recording Window Usage by Surveyor Observations

Another option is for surveyors to record the state of windows themselves through
observations.  Using  this  method,  the  surveyors  need  to  either  develop  a  fully-
structured  questionnaire  (Table  1)  before  the  survey  so  the  observed  window
states and other important parameters can be recorded efficiently and accurately
[107 - 109], or they can photograph the monitored building façade first and then
decide the window states with reference to the photos after the survey [106, 110 -
112].

Table 1. A fully-structured questionnaire used by Johnson and Long [108].

Visit Time

Number
of Open

Windows
Per Wall

Number
of Open
Doors
(omit

Garage)

Floor
Location

of
Openings

(circle
One)

Status of
Car

Door of
Attached
Garage

Likelihood
of AC

Operation
(circle
One)

Likelihood
of

Occupancy
(circle
One)

Evidence
Supporting
Occupancy

Rating

Precip.
During

Last
Hour

Special
Conditions
(Write in)

A ______
am
pm

39
Front__
40
Right__
41 Left__
42
Back__>
43
Total__

44
Front__
45
Right__
46
Left__
47
Back__
48
Total__

49 None
50
Ground
51 Upper
52 Both

53
Closed
54 Open
w/vehicle
55 Open
w/o
vehicle

56 100%
57 >50%
58 <50%
59 0%
60
Uncertain

61 100%
62 >50%
63 <50%
64 0%
65
Uncertain

Write in: 66 Yes
67 No
68
Uncertain

B ______
am
pm

69
Front__
70
Right__
71 Left__
72
Back__
73
Total__

74
Front__
75
Right__
76
Left__
77
Back__
78
Total__

79 None
80
Ground
81 Upper
82 Both

83
Closed
84 Open
w/vehicle
85 Open
w/o
vehicle

86 100%
87 >50%
88 <50%
89 0%
90
Uncertain

91 100%
92 >50%
93 <50%
94 0%
95
Uncertain

Write in: 96 Yes
97 No
98
Uncertain

In order to develop a realistic algorithm for simulating the opening and closing of
windows, Johnson and Long [108] adopted the first method to monitor the state of
windows from 1100 dwellings. In their study, a fully structured questionnaire, as

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



Occupant Window Opening Occupant Behaviour in Buildings: Advances and Challenges   45

shown in Table 1,  was used to record the observed state of windows and other
important parameters. This included questions about the time of the observation
occurred, number of open windows per wall, floor location of openings etc. Wei
et al. [107] have also used the first method to record the end-of-day window states
in 36 cellular offices in an office building, so as to investigate the significance of
a  number  of  non-environmental  factors  on  occupants’  choice  of  end-of-day
window states. Brundrett [109] has surveyed 123 dwellings in the UK for a year
and  recorded  the  window  use  conditions  by  observations,  aiming  to  better
understand  occupants’  window-opening  behaviour  in  residential  buildings.

All Warren and Parkins [111], Inkarojrit and Paliaga [112], Bruce-Knouah [106],
and, Zhang and Barrett [110] have used the second method, i.e. photography, to
record  window  states  in  office  buildings.  In  these  studies,  the  state  of  office
windows  was  photographed  up  to  six  times  per  day.

Recording Window Usage by Self-Estimation from Building Occupants

Some  existing  studies  have  asked  building  occupants  to  estimate  their  own
ventilation habits, such as the number of hours per day with open windows in the
living room, so that  possible window use patterns and determinants of window
opening behaviour can be identified, by either filling out questionnaires [29, 113]
or  attending  interviews  [114,  115].  In  the  USA,  Price  and  Sherman  [76]  have
asked  occupants  of  1448  houses  in  California  to  self-estimate  their  use  of
windows, in order to better understand occupants’ ventilation behaviour and their
satisfaction of indoor air quality in California homes. Similarly, Encinas Pino and
de  Herde  [114]  used  this  method  to  study  occupants’  ventilation  habits  in  91
apartments  in  one  building  located  in  the  city  of  Santiago,  Chile.  In  the
Netherlands, Guerra-Santin and Itard [113],  and Guerra-Satin [29] have chosen
this  method  to  estimate  possible  influential  factors  of  occupants’  energy
behaviour in buildings, including their ventilation behaviour by opening windows.
In  Greece,  Papakostas  and  Sotiropoulos  [115]  have  asked  occupants  of  158
families  to  self-estimate  their  habits  of  airing  the  houses,  in  order  to  obtained
behavioural patterns that can be used for building performance simulation. In the
UK,  Gill  et  al.  [2]  carried  out  a  post-occupancy  evaluation  in  11  low-energy
dwellings in order to identify the contribution of occupant behaviour to the actual
performance of buildings. In the study, occupant window opening behaviour was
collected during the interview to estimate its impact on the house heating demand.
In  China,  Huang  et  al.  [73]  interviewed  500  random  subjects  in  the  northern
China, asking them to evaluate their window opening habits at home in winter. In
Portugal,  de  Freitas  and  Geudes  [116]  have  used  this  method  to  identify
occupants’  window-use  behaviour  and  related  details  in  ‘Baixa  Pombalina’s’
heritage  buildings.  In  Denmark,  Andersen  et  al.  [117]  asked  occupants  of  five
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apartments  to  estimate  how  often  they  opened  windows  during  a  two-month
period  and  used  the  data  for  behavioural  validation.

Camera-Based Estimation

In a case study carried out in Southampton, UK, Bourikas et al. [118] tested the
performance of using camera images to decide the state of windows, as a low-cost
method. In the study, the states of 40 windows on one façade of an office building
were  monitored  using  one  digital  camera  and  the  pictures  taken  were
computationally analysed to deduce both window state (Open/Close) and opening
angle. Although high accuracies were obtained for both summer (97% between
17–23 May and 7–20 June 2015) and winter (90% between 1-30 November 2015)
but  the  method  is  susceptible  to  certain  limitations,  such  as  available  level  of
daylight, glare issue and raindrops on the camera. As this method is still new in
this research area, with only one demo study available, it will not be used in the
following method comparison.

Method Comparison

As exemplified by the studies collected above, four methods have been used by
researchers to monitor occupants’ window opening behaviour. In this section, a
comparison of these methods is made and discussed, based upon:

Popularity;1.
Sample size;2.
Measurement interval;3.
Measurement duration;4.
Whether measuring window state (on/off) or window opening angle;5.
Whether occupants’ window opening/closing action has been analysed.6.

Table 2 provides relevant statistics used for the comparison. The ‘ – ’ sign in the
table means that the parameter has not been described in the literature, and ‘N/A’
means that the parameter is not available or feasible for that study.

Popularity

Popularity was examined by comparing the number of existing studies using each
method,  as  shown  in  Fig.  (3).  The  comparison  reflects  that,  when  monitoring
occupant  window  opening  behaviour  in  buildings,  the  self-recording  and
electronic measuring devices methods are preferred by researchers over the other
two methods,  namely,  the  surveyor-observation method and the  self-estimating
method.
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Table 2. Overview of literature on window opening behaviour.

Measurement 

Method 
Study 

Number of 

Monitored 

Subjects 

Interval Duration 

On/Off 

or 

Opening 

Angle 

Analysis 

of 

Occupant 

Action 

Self-recording 

Haldi and 

Robinson 2008 

60 

participants 

in several 

office 

buildings 

2 hours 3 months on/off Yes 

Nakaya et al., 

2008 

31 

detached 

houses + 

31 

apartments 

10 

minutes 
2 days on/off Yes 

Iwashita and 

Akasaka, 1997 
8 dwellings 

10 

minutes 
4 days on/off Yes 

Andersen et al., 

2009 

933 

dwellings 

for summer 

and 636 

dwellings 

for winter 

N/A 
Single 

time slot 
on/off No 

Liu et al., 2012 
148 

occupants 
N/A 

Single 

time slot 
on/off No 

Raja et al., 

2001 

(longitudinal) 

219 

participants 

three to 

four 
3 months on/off No 

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



48   Occupant Behaviour in Buildings: Advances and Challenges Wei et al.
(Table 2) cont.....

from 15 

buildings 

times a 

day 

Raja et al., 

2001 

(transverse) 

909 

participants 

from more 

than 25 

buildings 

1 month 
18 

months 
on/off No 

Nicol et al., 

1999 

846 

participants 

from 25 

buildings 

1 month 
16 

months 
on/off No 

McCartney and 

Nicol, 2002 

(transverse) 

840 

participants  
1 month 

12 

months 
on/off No 

McCartney and 

Nicol, 2002 

(longitudinal) 

120 

participants  

up to 

four 

times a 

day 

3 months on/off No 

Beko et al., 

2011 

500 

dwellings 

real-

time 
2.5 days 

opening 

angle 
No 

Offermann, 

2009 

108 

dwellings 

real-

time 
1 week on/off No 

Self-

recording_continued 

Hellwig et al. 

2008 (School 

No.1) 

4 

classrooms 

in 4 

buildings 

real-

time 
2 weeks on/off No 
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(Table 2) cont.....

  
 
 
 

Electronic 

Measuring devices 

Haldi and 

Robinson, 2009 

14 offices 

in 1 

building 

real-

time 

86 

months 
on/off Yes 

Schakib-

Ekbatan et al., 

2015 

35 rooms 

in 1 

building 

real-

time 

72 

months 
on/off No 

Schweiker et 

al., 2011 

(apartments) 

3 

apartments 

in 2 

buildings 

real-

time 
6 months 

opening 

angle 
Yes 

Schweiker et 

al., 2011 

(dormitory) 

24 students 

in winter 

and 19 

students in 

summer 

real-

time 

2.5 

months 

opening 

angle 
Yes 

Dutton and 

Shao 

2 

classrooms 

real-

time 

14 

months 
on/off Yes 

Andersen et al., 

2013 

15 

dwellings 

real-

time 
8 months 

opening 

angle 
Yes 

Yun and 

Steemers, 2008 

6 offices in 

2 buildings 

real-

time 
3 months on/off Yes 

Yun and 

Steemers, 2010 

3 offices in 

2 buildings 

real-

time 
 6 months on/off Yes 

Yun et al., 

2012 

4 offices in 

1 building 

real-

time 

11 

months 
on/off Yes 

Fritsch et al., 

1990 

4 offices in 

1 building  

30 

minutes 

one 

winter 

opening 

angle 
Yes 
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(Table 2) cont.....

 
 
 
 

Herkel et al., 

2008 

21 offices 

in 1 

building 

1 

minute 

13 

months 

opening 

angle 
Yes 

Erhorn, 1986 24 flats 
30 

minutes 

12 

months 
on/off No 

Antretter et al., 

2011 

17 

dwellings 

real-

time 

24 

months 
on/off Yes 

Li et al., 2015 5 offices 
real-

time 
2 months on/off No 

Weihl and 

Gladhart, 1990 

(Phase 1) 

7 dwellings 
real-

time 

24 

months 
on/off No 

Electronic 

Measuring 

devices_continued 

Weihl and 

Gladhart, 1990 

(Phase 2) 

10 

dwellings 

real-

time 

12 

months 
on/off No 

Hellwig et al., 

2008 (School 

No.2) 

5 

classrooms 

in 4 

buildings 

1 

minute 
8 months on/off No 

Wei et al., 

2015 
5 offices 

1 

minute 
9 months on/off Yes 

Jeong et al. 

2016 

20 housing 

units 

real-

time 
7 months on/off No 

Bruce-Konuah, 

2014 (Study 1) 

7 offices in 

2 buildings 

real-

time 

10 

months 
on/off Yes 
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(Table 2) cont.....

  
 
 
 

Surveyor 

observation 

Brundrett, 1997 
123 

dwellings 

Twice a 

day 

12 

months 
on/off No 

Wei et al., 

2013 

36 offices 

in 1 

building 

1 day 8 months on/off No 

Zhang and 

Barrett, 2012 

333 rooms 

in 1 

building 

Twice a 

day 

16 

months 
on/off No 

Warren and 

Parkins, 1984 

196 offices 

in 5 

buildings 

Twice a 

day 
3 months 

opening 

angle 
No 

Johnson and 

Long, 2005 

1100 

dwellings 
– 

16 

months 
on/off Yes 

Inkarojrit and 

Paliaga, 2004 

270 

windows 

Four 

times a 

day 

9 days on/off No 

Bruce-Konuah, 

2014 (Study 2) 

2004 

windows 

2.5 

hours 

Six 

weeks 
on/off Yes 

Self-estimating 

Guerra-Santin 

and Itard, 2010 

313 

dwellings 
N/A 

Single 

time slot 
on/off No 

Guerra-Santin, 

2013  

4727 

dwellings 
N/A 

Single 

time slot 
on/off No 

Encinas Pino 

and de Herde, 

2011 

91 

apartments 
N/A 

Single 

time slot 
on/off No 
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(Table 2) cont.....

 
 
 
 

Self-

estimating_continued 

Papakostas and 

Sotiropoulos, 

1997 

158 

families 
N/A 

Single 

time slot 
on/off No 

Gill et al., 2010 
11 

dwellings 
N/A 

Single 

time slot 
on/off No 

Price and 

Sherman, 2006 

1448 

homes 
N/A 

Single 

time slot 
on/off No 

Huang et al. 

2014 

500 

subjects 
N/A 

Single 

time slot 

opening 

angle 
No 

Andersen et al. 

2016 

5 

apartments 
N/A 

Single 

time slot 
on/off No 

de Freitas and 

Guedes, 2015 

249 

subjects 
N/A 

Single 

time slot 
on/off No 

Camera-based 

estimation 

Bourikas et al. 

2018 

40 

windows 
N/A 

Summer: 

21 days 

Winter: 

30 days  

on/off 

opening 

angle 

No 
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Fig. (3).  Popularity comparison between methods capturing occupants’ window opening behaviour.

Sample Size

The sample size of a study reflects the generalizability of its findings to a larger
population [88]. Table 3 lists relevant statistics from existing studies using each
method,  including  the  average  value,  minimum  value,  maximum  value  and
standard  deviation  (SD).  From  the  table,  it  can  be  seen  that  studies  using
electronic measuring devices have a much smaller sample size than those using
the other three methods, according to the average values. This is possibly because
of the cost intensive nature of this method [102]. However, when comparing the
SD of each method, it seems that studies using the electronic measuring devices
have  much  more  consistent  sample  sizes  between  studies  than  those  using  the
other  three  methods.  Additionally,  although  asking  the  monitored  occupants  to
self-record or self-evaluate their window opening behaviour can help to increase
the sample size of the study, researchers [65, 119] have expressed their worries on
the accuracy of these methods.

Table 3. Statistics with respect to the number of monitored subjects.

Statistics/Method Self-Recording Electronic Measuring
Devices Surveyor Observation Self-Estimating

Minimum 4 2 36 5

Maximum 933 35 2004 4727

Average 366 12 580 834

SD 380 9 720 1526
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Measurement Interval

The  measurement  interval  defines  whether  the  dynamic  behaviour  of
opening/closing windows can be captured [120]. Based on the statistics provided
in  Table  2,  it  can  be  seen  that  using  electronic  devices  provides  the  ability  to
capture  occupants’  window  opening/closing  actions  with  high  frequency  (the
maximum  interval  adopted  in  the  studies  was  30  minutes).  The  surveyor
observation  method,  however,  had  to  be  carried  out  less  frequently,  with  a
minimum available interval of 2.5 hours. The various measurement intervals of
the self-recording method (with a minimum of ‘instant’ to a maximum interval of
1  month)  appear  to  be  much  more  random  than  the  other  two  methods.
Furthermore,  a  closer  look  at  the  studies  using  this  method  reveals  that  such
studies with short-interval monitoring were generally more rapid than that of the
long-interval  monitoring:  the  former  required  more  occupant-involvement  and
potential ‘survey-fatigue’ [121] and thus resulted in short monitoring duration.

When using the self-estimating method, occupants were asked to estimate their
window  opening  behaviour  only  once  by  either  filling  out  questionnaires  or
attending interviews so the measurement interval is not available for this method.

Measurement Duration

The measurement duration reflects how well the occupants’ behavioural response
to  the  changes  in  the  building’s  environment  can  be  captured,  as  described  by
Raja et al. [88]. For this parameter, the existing studies have been categorised into
three groups regarding their measurement duration: ‘shorter than or equal to one
month’, ‘longer than one month and less than or equal to 12 months’ and ‘longer
than 12 months’. Fig. (4) lists the percentages of studies in each duration group
for different measurement methods.

Fig. (4).  Number of studies in each duration group for different measurement methods.
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Fig.  (4)  reflects  that  the electronic measuring devices method and the surveyor
observation  method  provide  a  possibility  of  long-term  (longer  than  1  year)
monitoring of occupants’ window opening behaviour in buildings, as they need
less  involvement  from  the  monitored  occupants.  The  three  studies  with  long
monitoring  duration  using  the  self-recording  method  were  all  coming  from the
transverse studies carried out by Nicol and Humphreys, and they all have a one-
month measurement interval to minimise the influence from survey-fatigue to the
participants.  Due  to  the  advantages  in  both  measurement  interval  and
measurement duration, the electronic measuring device method was preferred by
researchers  who  wanted  to  model  and  simulate  occupant  window behaviour  in
buildings (see Flux 2 described in Fig. (1)). To better capture occupant window
opening behaviour, most existing studies have carried out monitoring of longer
than one month. Some studies using the self-recording method were shorter than
one month,  as  in  those  studies  the  occupants  were  asked to  record  their  use  of
windows  at  a  high  intensity,  e.g.  with  an  interval  of  less  than  10  minutes  (see
Table  2).  All  studies  asking  occupants  to  self-estimate  their  window  opening
behaviour were single measurement so all of them were shorter than one month.

Whether Measuring Window State or Window Opening Angle

Some of the studies focused on the window state, that is, whether the window was
open or closed, while some captured the window opening angle. Fig. (5) lists the
percentages of studies measuring either window state or window opening angle
for each measuring method.

Fig.  (5).   Percentages  of  studies  measuring  either  window  state  or  window  opening  angle  for  each
measurement  method.

As seen in Fig. (5), the majority (39 in 47 studies) focused on the window state,
rather than the window opening angle. In theory, all measurement methods were
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able to capture the window opening angle. However, questionnaire-based methods
can  only  do  this  simply  (i.e.  by  specification  of  ‘closed,  tilted  open  and  fully
open’  [73,  92,  111])  while  electronic  measuring  devices  are  preferred  by
researchers  to  capture  window  opening  angle  in  a  continuous  nature.

Whether Occupants’ Window Opening/Closing Action has been Analysed

Occupants’  window  opening  behaviour  is  dynamic  and  the  previous  state  of
windows can influence occupants’ decision of the current state [120]. To reflect
this  dynamic nature of people’s behaviour,  the measurement normally needs to
record  the  time  when  occupants  change  the  state  of  windows  or  alternatively,
record  the  state  of  windows at  a  high  frequency.  Fig.  (6)  compares  the  studies
with and without analysis of this dynamic nature for each measurement method.

Fig. (6).  Percentages of studies about whether analysing window actions for each measurement method.

Compared to the other three methods, the electronic measuring devices method
provides a much higher potential for analysing the dynamic nature of occupants’
window opening behaviour, due to its high measurement frequency. To capture
this using the self-recording method needs a high frequency of recording window
states [72, 91] or asking occupants to provide details of window opening actions
during a specific period of time, e.g. during the preceding one hour [85]. Johnson
and  Long  [108]  have  catered  for  the  phenomenon  by  used  the  surveyor
observation  method  based  on  a  revisit  of  monitored  houses  within  1  hour.

CAPTURING IMPORTANT INFLUENTIAL FACTORS

Identifying  influential  factors  is  important  for  a  better  understanding  of  why,
when and how occupants open windows, so they need to be collected along with
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occupants’ window opening behaviour. This section reviews how these influential
factors were collected in the existing studies.

Both Wei [75] and Fabi et al. [46] have carried out a review of influential factors
on  occupants’  window  opening  behaviour  in  buildings,  and  their  results  are
combined  in  Table  4.  For  further  analysis,  these  factors  are  classified  into  six
groups, namely, ‘outdoor environmental factors’, ‘indoor environmental factors’,
‘building- and system-related factors’, ‘occupant-related factors’, ‘time-dependent
factors’ and ‘other factors’.

Table 4. Factors affecting window opening behaviour in buildings.

Outdoor Environmental Factors Outdoor temperature, Wind speed, Solar radiation, Rain and
Outdoor air pollution

Indoor Environmental Factors Indoor temperature and CO2 concentration

Building- and System-related Factors Dwelling type, Room type, Room orientation, Ventilation type,
Heating system, Window type, Floor level and Shared offices

Occupant-related Factors Occupant age, Occupant gender, Ownership of the property and
Smoking behaviour

Time-dependent Factors Time of day and Season

Other Factors Previous window state and room occupancy

 
Outdoor Environmental Factors

Outdoor  environmental  factors  were  generally  monitored  by  a  weather  station
with specific  types of  sensors  for  each factor.  In  existing studies,  however,  the
location  of  the  weather  station  during  the  monitoring  period  was  not  identical:
some studies put the weather station on the roof of the investigated building in
order to collect local meteorological data for the analysis [78, 81, 96, 105, 107];
some studies used the weather data measured from a ‘nearby’ weather station [85,
91],  with  a  distance  between  the  weather  station  and  the  investigated  building
varying  from  280m  [106]  to  23  miles  (about  37014m)  [65];  some  studies
employed a remote weather station that was handheld by the experimenters during
the survey time for a measurement of the onsite local weather conditions [108].

When putting the weather station on the roof of the investigated building, some
researchers  have  considered  the  influence  from  the  heat  generated  from  the
building  itself  on  the  temperature  readings,  so  the  local  weather  station  was
installed a few metres higher than the roof level [75, 97]. Schakib-Ekbatan et al.
[103] have suggested that even when the meteorological data was measured on
the  roof  of  the  investigated  building,  it  ignored  the  microclimatic  difference
among different building façades. When using the weather data collected from the
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nearby public weather stations for the behavioural analysis, Andersen et al. [89]
have suggested that such data did not reflect the local meteorological conditions
well,  especially  in  respect  of  wind  speed.  To  deal  with  this  issue,  Haldi  and
Robinson [78] have used a linear regression method to rectify the meteorological
data measured from a weather station 7.7 km away from the investigated building.
From  the  work,  they  found  a  satisfactory  agreement  between  measured
temperature and relative humidity at  the two locations,  but not wind speed and
direction.  Therefore,  they  used  a  coarse  representation  of  wind  speed  and
direction in their analysis, by considering four levels of wind intensity defined by
the observed quartiles of wind speed and direction in the weather station. With
respect  to  measurement  interval,  this  parameter  was  also  not  identical  between
existing studies as well. For example, the meteorological data used by Andersen
et al. [89], Antretter et al. [100], Bruce-Knouah [106] and Offermann [65] were
taken every hour; the ones used by Yun and Steemers [80] every 30 minutes; the
ones used by Schweiker et al. [95], Andersen et al. [94] and Haldi and Robison
[78] every 10 minutes; the ones adopted by Pan et al. [122] every 5 minutes; and
the one used by Herkel et al. [81] at 10-minute intervals. In two studies carried
out  by  the  same  researchers,  the  meteorological  data  were  measured  at  two
different locations using different intervals (one every 16 minutes and another one
every hour) [88].

In most of the existing studies, the measurement accuracy of outdoor climatic data
was not provided so this parameter is not compared in this paper.

Indoor Environmental Factors

As with outdoor environmental  factors,  indoor environmental  factors were also
measured using specific sensors and then recorded by data loggers. For example,
thermocouples [72, 93], thermistors [91, 106, 107] and PT100s [78, 81, 95, 97]
have been used to measure indoor temperature, and Tong [123] has discussed the
advantages  and  disadvantages  of  using  each  sensor  to  measure  indoor
temperature. Non-dispersive Infrared (NDIR) sensors have been used to measure
indoor CO2 concentrations [65, 92 - 94], and its principle has been introduced by
Hodgkinson et al. [124].

Indoor temperature has been measured in most studies regarding window opening
behaviour in buildings, but the monitoring location differed significantly. Haldi
and Robinson [85],  Zhang and Barrett  [110],  Yun et  al.  [96],  Nicol  et  al.  [87],
McCartney  and  Nicol  [86],  Pan  et  al.  [122]  and  Raja  et  al.  [88]  placed
temperature sensors near each participant’s workstation. Nakaya et al. [91], and,
Iwashita  and  Akasaka  [72]  carried  out  their  temperature  measurement  at  the
centre  of  the  zones  to  be  measured.  Wei  et  al.  [107]  measured  indoor  air
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temperature in cellular offices under the occupants’ desks at the abdomen level.
Bruce-Knouah [106] measured indoor environmental parameters on the desk of
building occupants at a height of 0.76 m above the floor. Andersen et al. [94] and
Herkel et al.  [81] mounted their  sensors on internal walls,  though Herkel et al.
have argued that using this method to measure temperature will not prevent the
influence  of  the  wall,  so  the  measured  temperature  should  be  considered  as
operative  temperature,  rather  than  air  temperature.  Yun  and  Steemers  [79,  80]
have measured temperatures at two different locations in the monitored offices,
one  on  the  workstation  and  another  on  the  book shelves,  and  used  the  average
value for the analysis. In the two studies carried out by Hellwig et al. [93], indoor
temperature was measured at different locations. In the first study, the temperature
was  measured  at  four  heights,  namely  0.1,  0.6,  1.1  and  1.7m,  following  the
recommended values in ISO 7726 [125] for thermal comfort studies. In the second
study, it was only measured at two heights, namely, 1.7 and 2.0m, on the interior
walls.  Liu  et  al.  [90]  also  measured  the  indoor  environmental  parameters
according to the requirement of ISO 7726. For large rooms, such as classrooms,
Dutton and Shao [97] have measured this parameter at three locations in the room
and used their average for the analysis. Although the location of measuring indoor
air  temperature  varied  among existing studies,  there  was  a  golden rule  that  the
chosen location should minimise the chance of direct sunshine and the influence
from heating/cooling resources, such as windows and heaters, in the room [79, 91,
93, 94, 106, 107].

Indoor  CO2  concentration  has  been  monitored  in  some  studies  and  the
measurement locations were either at the locale of the monitored subjects [86, 92,
96] or at the centre of the room [93] or on the room interior wall [93]. As with
their measurement of air temperature, Dutton and Shao [97] obtained their CO2
readings at three different locations in classrooms.

Table 5  summarises the accuracy and interval of measuring indoor temperature
and CO2 concentration in the studies. Based on the statistics provided in Table 5,
it  can  be  seen  that  the  accuracy  and  interval  of  measurements  of  both  indoor
temperature  and  CO2  concentration,  vary  between  the  studies,  although  the
variation was not great. For temperature measurement, the highest accuracy was
±0.1°C and the lowest was ±0.5°C, with an average of ±0.3°C and SD of 0.1°C.
The  longest  interval  between  measurements  was  45  minutes  and  the  shortest
interval was 1 minute, with an average of 7 minutes and SD of 10 minutes. For
measurement  of  CO2  concentration,  the  highest  accuracy  was  ±1%  of
measurement range and the lowest accuracy was ±5%, with an average of ±3%
and SD of ±1.6%.
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Table 5. Measurement accuracy and interval for indoor environmental factors in existing studies.

Study
Indoor Temperature CO2 Concentration

Accuracy Interval Accuracy Interval

Haldi and Robinson, 2008 – 45 minutes – –

Nakaya et al, 2008 ±0.3°C 5 minutes – –

Raja et al., 2001 ±0.3°C 15 minutes – –

Beko et al., 2011 ±0.4°C 5 minutes ±2% of range or ±2% of reading 5 minutes

Offermann, 2009 ±0.5°C 1 minute ±3% of range or ±50ppm 1 minute

Schweiker et al. 2011(apartments) ±0.2°C 1 minute – –

Schweiker et al. 2011(dormitory) ±0.3°C 1 minute – –

Dutton and Shao, 2010 ±0.2°C 2 minutes ±1% of range 2 minutes

Andersen et al., 2013 ±0.4°C 10 minutes ±2% of range or ±2% of reading 10 minutes

Wei et al., 2013 ±0.5°C 10 minutes – –

Pan et al., 2015 ±0.4°C 5 minutes – –

Yun and Steemers, 2008 and 2010 – 10 minutes – –

Yun et al., 2011 ±0.4°C 10 minutes ±5% of range or ±50ppm 10 minutes

Herkel et al., 2008 – 1 minute – –

Hellwig et al. 2008 (School No.1) ±0.3°C 1 minute ±3% of range 1 minute

Hellwig et al. 2008 (School No.2) ±0.1°C 1 minute ±5% of range 1 minute

Wei et al. 2015 ±0.4°C 5 minutes – –

Bruce-Konuah ±0.4°C 5 minutes ±5% of range or ±50ppm 5 minutes

 
Building- and System-Related Factors and Occupant-Related Factors

In  the  various  studies  reviewed,  Building-  and  System-  Related  Factors  and
Occupant-Related Factors were normally collected before or after the survey and
remained constant over the whole survey period. The most common method used
to  collect  this  information  was  questionnaires  filled  out  by  either  the  building
occupants or surveyors, as illustrated by Andersen et al. [89], Yun and Steemers
[80], Warren and Parkins [111], Guerra-Santin and Itard [113], Pino and Herde
[114], Papakostas and Sotiropoulos [115], Price and Sherman  [76],  and  Huang
et al. [73]. Another method, used by Zhang and Barrett [110] and Beko et al. [92],
was  to  use  house  inspections  by  experimenters.  Guerra-Santin  [29]  collected
building-  and  system-related  factors  using  inspections  and  obtained  occupant-
related factors using questionnaires. Andersen et al. [89] have used questionnaires
to collect occupant-related factors while collected building- and system- related
factors from an official database.
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Time-Dependent Factors and Other Factors

Time-dependent  factors  generally  include  the  time  of  day  (i.e.  first  arrival,
intermediate and last departure) [64, 78, 81] and season (i.e. summer, transitional
or  winter)  [81,  101].  The  time  of  day  was  generally  captured  by  occupancy
sensors  [78,  81],  or  from  occupant  behaviours  indoors,  such  as  opening  and
closing of office doors [79]. If occupants’ window operation was recorded using
data loggers, the season can be easily determined by the built-in timer in the data
logger [81, 96]. If the survey was conducted by observations or interviews, this
information can be recorded by either the building occupants or the experimenters
in the questionnaires [67, 107, 110].

Other  Factors  include  the  previous  window state  and  occupancy  conditions.  In
existing studies, the previous window state has been measured using two methods.
One was to ask building occupants to record their window operation (closing an
opened window, or opening a closed window) rather than window states [85] and
another was to use data loggers to make a continuous monitoring of window states
[78, 80, 81, 122]. The occupancy of the room/dwelling has been determined using
several  methods  in  existing  studies.  Movement  sensors,  either  passive  infrared
sensors  [78]  or  ultrasonic  sensors  [81],  have been used as  a  popular  method to
capture  room  occupancy.  Some  studies  have  asked  building  occupants  to  self-
estimate their occupancy conditions after the survey [80, 102, 113] or self-record
their occupancy conditions during the survey time [72, 91 - 93, 111]. Experiment-
er observation was another method that has been used to monitor occupancy in
buildings, for obtaining either directly observed occupancy [86 - 88, 107, 110] or
deduced occupancy based on reasonable evidence [108]. Andersen et al. [94] have
used the CO2 concentration and the instant window state to indicate the occupancy
of rooms. Additionally, if both the bedroom and the living room were unoccupied,
they assumed that  the whole dwelling was unoccupied.  Yun and Steemers [79]
have used the state of office doors to determine the daily occupancy of offices: the
time of first door opening of each day was used as the start of daily occupancy
and  the  time  of  last  door  closing  was  used  as  the  end  of  daily  occupancy,  and
Bruce-Konuah [106] has adopted this method in one of his studies.

CONCLUSION

Existing studies have provided sufficient evidence to demonstrate the great impact
of  occupants’  adaptive  behaviour  (e.g.  opening/closing  windows  and  turning
up/down thermostatic setting) upon building performance. In non-air-conditioned
buildings,  opening/closing  windows  is  an  important  adaptive  opportunity  for
occupants to adjust the indoor environment, through increasing/decreasing the air
change between indoors and outdoors. Therefore, it is important to gain a better
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understanding  of  why,  when  and  how  occupants  open  windows.  In  the  past
several decades, a number of studies have been performed, focusing on occupant
window  opening  behaviour  in  buildings.  For  these  studies,  a  good  method  of
capturing occupant window opening behaviour and relevant influential factors has
been  fundamental  for  the  later  data  analysis.  In  order  to  provide  guidance  on
designing future window behaviour studies, this paper has introduced a thorough
review of existing methods that have been used to capture occupants’ window use
in buildings, as well as relevant influential factors, and critically discussed their
advantages and disadvantages.

Essentially,  there  are  four  methods  of  data  capture,  namely:  self-recording  by
building  occupants,  recording  by  electronic  measuring  devices,  observing  by
surveyors  and  self-estimating  by  building  occupants,  for  occupant  window
opening  behaviour  in  buildings.  The  use  of  electronic  measuring  devices  has
proved  most  useful  for  continuous  monitoring  window  states/opening  angles,
though this method can only be used to monitor a small set of occupants due to its
cost. Self-recording and self-estimating methods allow an increase in the number
of  samples  monitored,  but  there  is  a  lack  of  confidence  in  their  accuracy.  The
surveyor observation method can also help to increase the sample size, but this
method generally cannot be used for high frequency measurement, making it hard
to capture occupants’ dynamic behaviour in opening/closing windows. The self-
recording method is much more flexible with respect to measurement interval and
measurement  duration,  but  there  seems  to  be  a  conflict  between  these  two
parameters  when  using  this  method:  that  is,  a  higher  frequency  of  behavioural
monitoring results in a shorter monitoring period, and vice versa. Most studies to-
date have focused on monitoring the state of windows: further studies exploring
the  opening  angle  of  windows  would  be  highly  valuable.  As  all  measurement
methods have their advantages and disadvantages, the choice of method should be
carried out carefully by the researchers before the study, based on the objective of
the evaluation.

Regarding the measurement of relevant influential factors, it seems that a standard
methodology  is  required,  because  the  measurement  location,  measurement
accuracy and measurement interval have been found to vary significantly between
existing studies.

The review work also reveals that existing studies mostly collected data from one
case  study  building  or  from  buildings  in  one  country.  The  inconsistency  in
monitoring  methodologies  may  diminish  the  value  of  performing  cross-
comparison studies between various countries or climates (these may have various
climates and cultures that may have influences on occupants’ behaviour), which
are  important  for  justifying  the  portability  and  comparability  of  the  developed
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models – if the raw data were varying due to the nature of different monitoring
methods applied, how convince the comparison results between models can be?

In  summary,  a  standard  methodology of  capturing  occupants’  window opening
behaviour in buildings and relevant influential  factors is  urgently required,  and
this issue is being discussed currently in the ongoing international project,  IEA
ANNEX 66 [126]. This standard methodology should consider the measurement
intervals,  accuracy,  resolution  and  location  of  important  parameters  usable  for
better understanding occupants’ window behaviour, as well as how the developed
behavioural models can best fit dynamic building simulations (e.g. using existing
parameters in current  building simulation tools to model behaviour and how to
best  match the behavioural  models  with the simulation time step).  This  will  be
helpful for better understanding occupants’ window opening behaviour in actual
buildings  and  can  also  contribute  to  bridging  the  gap  between  the  simulated
performance and the actual performance of buildings. Additionally, an accurate
capture of occupants’ daily window use can also help identify improper window
uses in real buildings, which may cause great energy waste [127]. Based on this,
suitable measures can be applied to promote the building’s energy performance
regarding  to  occupants’  window  behaviour,  such  as  automatic  window  control
systems [128 - 130] and occupant behaviour education [34, 38, 131].
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CHAPTER 3

Supporting  the  Decision-making  Process  of
Building Users in the Selection of Energy-Efficient
Heating  Solutions  by  Identifying  and  Evaluating
Co-benefits
Ricardo Barbosa1,* and Manuela Almeida1

1 ISISE, Department of Civil Engineering, University of Minho, Guimarães, Portugal

Abstract: Space heating is responsible for a significant share of the energy consumed
in  European  households,  and  the  replacement  of  appliances  with  more  efficient
alternatives can be decisive for meeting the targets set by the European Union for 2030
and  2050.  Although  an  estimated  60%  of  the  heating  stock  consists  of  inefficient
equipment, users are often not aware of this inefficiency and associated costs. Also,
changing and improving the heating systems have been systematically associated with
a wide range of effects, such as thermal comfort and improved air quality, which are
often termed as co-benefits or ancillary benefits. Previous research has shown that co-
benefits can be decisive when users choose a heating solution. This chapter reports on
the results obtained in a study conducted in the scope of the EU H2020 HARP research
project, in which an international qualitative survey was used to identify, quantify and
evaluate the co-benefits associated with heating solutions, to clarify the relevance of
the co-benefits in the decision-making process of building users. The results suggest
that  both  the  degree  of  relevance  and  the  willingness  to  pay  for  co-benefits  vary
significantly amongst different national contexts.

Keywords:  Building  Systems,  Co-Benefits,  Contingent  Valuation,  Degree  of
Relevance, Economic Valuation, Heating, Qualitative survey, Willingness to Pay.

INTRODUCTION

Climate  change  is  being  recognised  as  one  of  the  biggest  challenges  of  the
century, and there are considerable problems to be tackled in the next decade. One
of  the  most  well-defined  issues  is  related  to  residential  energy  consumption,
which is very significant, and it is causing determinant impacts in terms of carbon
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emissions.  Energy demand in  the  building sector  is  responsible  for  40% of  the
European  Union  energy  consumption,  and  85%  of  it  is  used  for  heating  and
domestic  hot  water  [1].

Furthermore,  heating  and  cooling  in  the  European  territory  are  still  heavily
dependent  on  the  use  of  fossil  fuels.  In  fact,  only  around  18%  of  the  primary
energy consumption for these uses are originating from renewable sources. The
most  used  energy  source  for  heating  and  cooling  is  natural  gas  (46%).  Coal
(15%), biomass (11%), fuel oil (10%) and nuclear energy (7%) are also used in
abundance for the heating and cooling of buildings and industry in Europe [2].
There  is,  therefore,  the  need  to  increase  the  energy  efficiency  in  this  sector  as
heating  demand  has  been  a  central  problem  in  the  majority  of  the  European
territory.  In  this  context,  it  is  objectively  recognised  that  the  replacement  and
retrofit  of  old  heating equipment  should be promoted to  fulfill  EU climate  and
energy goals, namely regarding full carbon neutrality until 2050 [3]. In particular,
in the built environment, the implementation of sustainable and energy-efficient
heating  and  cooling  systems,  mainly  based  on  renewable  sources,  can  play  a
determinant  role  in  bringing  these  buildings  closer  to  net-zero  energy  and
emissions  [4].

Following that direction, the European Union has been demonstrating the political
will to support that transition. In 2016, as part of the Sustainable Energy Security
Package,  the  European  Commission  proposed  an  EU  Heating  and  Cooling
strategy  [5]  which  includes  measures  that  should  be  addressed  in  future
regulations and policies to improve energy efficiency, promote energy renewable
energy sources and tackle climate change. The strategy identifies the following
areas  as  priorities  for  legislative  and  policy  actions:  i)  Facilitating  building
renovations; ii) Increasing the share of renewables; iii) Reusing the energy waste
from industry and iv) Getting consumers and industry involved. In addition, the
Energy Efficiency Directive (revised in 2019) [6] intends to motivate and drive
the  Member  States  to  periodically  assess  the  energy-efficiency  of  heating  and
cooling infrastructure with the objective of promoting continuous improvement.

Given the European stock of installed appliances (126 million space heaters), of
which about half has an efficiency of 60% or less [5], there is considerable room
for improvement. However, the current European building stock is the property of
millions of different owners, which are known to have different perspectives on
the  investments  that  should  be  made  in  buildings.  Private  homeowners,  for
example,  that  in  most  cases  do  not  have  the  technical  expertise  and  capital
availability to make investments, have very heterogeneous investment criteria and
investment  contexts,  presenting  a  future  behaviour  that  is  not  ruled  by  pure
rationality  being,  therefore,  very  hard  to  envision  [7].
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The  literature  also  shows  that  the  adoption  of  sustainable  and  energy-efficient
heating  systems  is  a  complex  issue.  Research  studies  indicate  that  public  and
political supports are very much needed to support a consistent adoption of this
equipment,  which  has  to  be  addressed  from  several  scales  and  using  different
perspectives  [8].  Factors  that  can  incentivise  the  adoption  of  energy-efficient
systems include favourable economic conditions, previous knowledge and literacy
in  engineering  or  energy-related  subjects  and  awareness  of  the  associated
advantages  [9].  On  the  other  hand,  barriers  to  the  adoption  of  this  type  of
technologies include not only habits and perceived behavioural control [10], but
also issues related to investment and hidden costs, poor payback time perceived
and the unperceived benefits of such an intervention [7, 11].

To deal with these barriers, there is evidence that incentives, such as subsidies, are
known  to  be  effective  [12],  in  particular  in  the  so-called  problem-triggered
interventions [13]. For homeowners driven by opportunities (as in the scope of a
planned building renovation), additional factors, such as operational convenience
(e.g. ease of use) [13] or even relative independence from fossil fuels, seem to be
significant [14]. The most common argument for promoting investments in energy
efficiency, such as the replacement of heating systems, is related to the energy and
economic  savings  potentially  achieved.  This  engineered-based  perspective
overlooks the results of several studies that point out that energy savings are often
not the main motivation in the decision-making process. For example, improving
the  “indoor  climate”  is  a  known  decision-making  trigger  for  interventions  that
promote energy-efficiency, such as replacing a heating appliance or improving the
insulation of the house (e.g., [15]). In fact, besides energy and economic savings,
there is a wide range of other known effects, at various scales, that are related to
this  type  of  investments.  These  effects  are  often  termed  as  “co-benefits”,
“ancillary benefits” or “non-economic benefits” [16] and can be determinant in
promoting  the  change  needed  to  successfully  address  climate  change  and  its
effects  [17].

However,  co-benefits,  because  of  their  subjective  nature,  are  more  difficult  to
quantify  than  objective  indicators,  such  as  savings,  and  are  consequently  often
ignored  and  rarely  measured,  quantified,  or  monetised.  Despite  this  difficulty,
identifying  and  quantifying  the  relevance  of  co-benefits  regarding  energy-
efficiency investments, can bring additional knowledge and support the decision-
making  of  building  users  and  energy  consumers,  as  seen  in  other  studies
addressing different contexts [18, 19]. Following the traditional engineering-based
approach, energy-efficiency improvements at the private or household scale are
usually  evaluated  by  a  trade-off  between  the  savings  resulting  from the  use  of
operational energy and the investment cost of such improvements. Or, in a more
evolved  approach,  by  considering  the  balance  between  the  energy  use  and  the
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global  costs  of  the renovation intervention during the life  cycle of  the building
(e.g  [20]).  Although  this  can  be  considered  a  useful  approach,  this  kind  of
assessment can disregard other potential benefits from interventions to improve
energy-efficiency and underestimate the real value of such improvements [16]. In
this context, there are several examples in the literature addressing the potential
economic value of these additional benefits, but they are predominately focused
on a societal co-benefits perspective (e.g [21, 22]).

The  work  presented  in  this  chapter  was  developed  under  the  European
Commission  H2020  funded  HARP  project  and  intends  to  characterise,  from  a
private perspective, the relevance of the different co-benefits and their economic
valuation in five different countries – Portugal, Italy, France, Germany and Spain.
The HARP project [23] - Heating Appliances Retrofit Planning - aims at raising
consumers’ awareness of the opportunities that underlay the planned replacement
of  their  old  and  inefficient  heating  appliances.  This  is  done  by  supporting  the
consumer  in  identifying  the  energy  (in)efficiency  of  their  current  heating
equipment and the savings opportunities that result from its replacement with a
more  energy-efficient  solution.  The  mission  is  to  accelerate  the  European
replacement  rate  of  heating  systems,  actively  contributing  to  the  reduction  of
energy demand in buildings, in line with the energy-efficiency targets set by the
European Union.

The chapter  is  organised into five sections.  The next  section presents  an initial
overview of the co-benefits. The following section introduces the methodology of
the  study.  Then,  the  main  results  regarding  the  degree  of  relevance  and  the
willingness  to  pay  for  co-benefits  are  presented.  In  the  following  section,  the
results  from  each  country  are  detailed  and  compared,  which  is  followed  by  a
discussion  of  the  potential  and  challenges  of  using  these  results  to  support  the
decision-making process. The chapter ends with the concluding notes.

CO-BENEFITS: ADDING VALUE TO ENERGY EFFICIENCY

Energy efficiency can be defined as the “ratio of energy consumed to the output
produced  or  service  performed”  [24].  The  main  objective  of  promoting  energy
efficiency measures and policies is to reduce energy demand and conserve energy.
This  is  done  mainly  by  improving  the  efficiency  of  products  and  processes.
Thanks to the effort in promoting energy efficiency since the 1970s, it has been
possible  to  avoid  energy  use  in  a  very  significant  way.  According  to  the
International  Energy  Agency  (IEA),  in  some  member  countries,  in  2010,  for
example, the avoided energy was comparable to any single supply-side resource
such  as  oil  and  coal  [24].  However,  due  to  increasing  energy  demand,  global
economic growth and the pressure to limit greenhouse gas emissions, these efforts
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are  not  enough,  and  a  continuous  improvement  in  energy  efficiency  is  more
necessary  than  ever.

The  impact  of  energy  efficiency  policies  is  generally  quantified  in  terms  of
reduced energy demand. Because what is measured is a negative value (i.e. energy
not consumed), energy efficiency was already considered in some studies as an
intangible concept and referred to as a “hidden fuel” [25]. Consequently, despite
the recognised potential,  investors,  consumers  and policymakers  do not  always
easily perceive the value of  investments  aimed at  improving energy efficiency,
and this obstacle can impair the implementation of policies and measures. In this
context, it is important to highlight the results of the most recent report from the
International Energy Agency, which shows that, in 2020, the rate of investments
to improve energy efficiency is going to be lower than in previous years [26]. This
trend is worrying and can seriously harm the achievement of energy and climate
goals already defined by the Member States. It is, therefore, necessary to argue
against the devaluation of the market for measures to promote energy efficiency,
which  requires  a  better  holistic  understanding  of  the  benefits  that  energy
efficiency  can  provide.

The idea that an increase in energy efficiency can provide a broad spectrum of
benefits in addition to increasing energy savings and reducing carbon emissions is
not  new.  The  term  co-benefits  first  appeared  in  the  scientific  literature  around
1990.  The  report  of  the  American  Department  of  Energy  (DOE)  “National
Impacts  of  the  Weatherization Assistance Program in  Single-Family  and Small
Multifamily Dwellings”, published in 1993, identifies the early quantification of
non-energy benefits as essential for the development of the concept. In this report,
it is stated that “while there is a good deal of anecdotal evidence on the substantial
benefits of low-income weatherisation in the areas of affordable housing, health
and safety, these anecdotes do not support the assignment of dollar values to the
benefits” [27]. However, it is consensual that the turning point for recognition of
the concept was the inclusion of the term in the Third Assessment Report (AR3)
of  the  Intergovernmental  Panel  on  Climate  Change  (IPCC),  published  in  2001
[28].  Here,  the  co-benefits  were  defined  as  “intended  positive  side  effects  of  a
policy  from  ancillary  benefits”  or  “unintended  positive  side  effects”.  This
definition highlights the importance of considering co-benefits in the initial phase
of  policy  formulation  and  adoption.  In  particular,  most  of  the  initial  studies
addressing the subject have mainly focused on the relationship between reducing
carbon  emissions  and  improving  the  physical  and  mental  human  health.  These
societal and macroeconomic effects were later related to the reduction of human
mortality, and further studies have expanded even more the range of associated
effects. A widely recognised classification divides co-benefits into health effects,
ecological (or environmental) effects, social effects and benefits linked to service
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provision [16]. Health was one of the most studied and evaluated co-benefits and
was decisive for the introduction of the concept in the communication strategy of
the  advantages  of  energy  efficiency.  The  co-benefits  associated  with
implementing  energy  efficiency  measures  in  terms  of  health  improvement  are
considerable.  The  most  recognisable  include  reduced  symptoms  of  respiratory
disease  and  lower  rates  of  winter  mortality  (EWM),  in  particular  in  colder
climates.  Although  noticeable  at  the  individual  level,  improvements  in  health
relieve pressure  from public  health  budgets.  As an example  of  its  significance,
when  impacts  on  health  and  well-being  are  included  in  assessments  of  energy
efficiency retrofit programmes, the benefit-cost ratio can be as high as 4:1 [24].
Other significant co-benefits on a macroeconomic scale include energy security,
energy prices, improvement of industrial productivity and economic development.
It is generally accepted that improvements in energy efficiency can have positive
macroeconomic impacts through the increase in Gross Domestic Product (GDP)
and employment, but there are also indirect effects that should be considered such
as  lower  energy  expenditure.  Importantly,  there  is  overwhelming  scientific
evidence that these additional benefits exceed the mitigation costs, including those
needed  to  achieve  the  objectives  set  in  the  Paris  Agreement  [29],  and  are  thus
instrumental in driving more ambitious policies that can lead the society to a more
sustainable lifestyle.

Although  very  useful  for  the  formulation  of  climate  policies,  this  view  is
considered limited [30] as it does not cover all situations. The co-benefits of some
technologies  that  promote  energy  and  material  efficiency,  emitting  fewer
pollutants and reducing the amount of greenhouse gas emissions are not restricted
to the macroeconomic effects. Changes can also be seen at other scales, such as at
the  household  level.  The  co-benefits  associated  with  improvements  in  energy
efficiency can then be analysed from two different perspectives, depending on the
scale  of  application  of  these  improvements  and  on  the  scale  of  the  effects
achieved by these improvements. One common perspective addresses societal or
macro-economic co-benefits. In this case, the discussion is centred on quantifying
the direct and indirect benefits for the economy and the environment, such as the
effects  on  climate  change,  public  health  and  productivity.  This  perspective  is
centred on policy formulation and decision-making (e.g [31]). On the other hand,
a private perspective on co-benefits concerns primarily the building users and/or
energy consumers and indicates, as possible co-benefits, effects that are directly
related  to  personal  or  household  levels,  such  as  improved  air  quality,  thermal
comfort and increased value of the property in the real estate market (Fig. 1). It is
important to refer that these co-benefits can be verified in these two perspectives
simultaneously. For example, improved air quality at the private level will benefit
public health at the societal level as well.
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It  is  important  to  highlight  that  the  building  sector  always  showed  a  strong
potential to deliver significant benefits. This was further elaborated in the IPCC
fourth assessment report (AR4) [32] regarding energy efficiency and utilisation of
renewable  energy  in  the  built  environment  establishing  a  link  between  the  co-
benefits  and  sustainable  development  either  in  developed  and  least  developed
countries.  Similarly,  the  new  recast  of  the  Energy  Performance  of  Buildings
Directive (EPBD), released in 2018 [33], urges the EU Member States to consider
co-benefits  when  designing  new  policy  instruments,  such  as  in  the  energy
certificates,  as  they  can  significantly  impact  at  the  household  level.

Fig. (1).  Energy Efficiency and co-benefits.

In this context, the private perspective is particularly important to encourage the
increase  of  energy  efficiency  in  buildings,  such  as  energy  renovations  and  the
implementation of more energy-efficient appliances. As private co-benefits relate
to a value that depends mainly on the individual, the methods to determine and
quantify  this  type  of  co-benefits  are  mainly  based  on  self-reporting  surveys  to
monetise  the  potential  impacts  of  improving  energy  efficiency.  Some  of  the
methods  include  the  simple  contingent  valuation,  relative  scaling  methods  and
ranking based surveys.

Contingent  valuation  is  a  very  straightforward  approach  that  in  its  basic  form
consists  of  asking individuals  what  value  they are  willing to  pay for  a  specific
benefit. Relative scaling methods, on the other hand, consist of asking this value
in relation to a base, which can be a monetary value or something of a subjective
nature. For ranking based surveys, respondents are asked to attribute a ranking,
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comparing  at  least  two  co-benefits.  It  is  important  to  note  that  the  results  of
quantification using these methods point to the co-benefits assessed in a range of
9% to 43% of the energy costs saved.

ADDRESSING CO-BENEFITS THROUGH A QUALITATIVE SURVEY

The  research  presented  in  this  chapter  has  two  main  objectives:  to  assess  the
relevance of the co-benefits associated with the replacement of the heating system
and to quantify the potential added value provided by the co-benefits through an
economic valuation.

The work performed consisted of the following methodological steps:

Literature review regarding the identification of co-benefits;1.
Preparation  of  a  survey  regarding  the  indication  of  the  relevance  of  the  co-2.
benefits and their economic valuation;
Assessment  of  the  relevance  of  the  co-benefits  and  economic  valuation3.
analysis.

To identify the most important co-benefits to be addressed in the study, a critical
review  [34]  of  relevant  literature  was  performed:  a  structured  keyword-based
search  was  used  on  two  databases  containing  peer-reviewed  scientific  papers,
books and reports – Google Scholar and Web of Science. Keywords used were
“co-benefits”, “non-energy benefits”, “ancillary benefits”, combined with terms
such  as  “energy-efficient  heating”  “renewable  heating”,  “heating  systems”,
“energy renovation”, “building renovation”, “building rehabilitation”, “building
retrofit” and “building upgrading”. The literature review allowed to preliminarily
collect 23 co-benefits, found to be important for consumers when considering the
replacement of their heating appliances. In the scope of this study, co-benefits are
defined  as  additional  benefits  to  the  consumer  arising  from  the  specific
characteristics  (technical  and  physical)  of  the  heating  (production)  system.

Following  the  literature  review,  the  list  of  initially  collected  co-benefits  was
submitted  to  the  judgment  of  experts  to  narrow the  number  of  co-benefits  that
could  be  the  most  influential  in  the  national  contexts  under  study.  The  experts
were  chosen  from  the  consortium  of  the  project,  which  consists  of  eighteen
partners with strong expertise in the energy field, and in particular in the heating
and cooling sector. Partners in the HARP consortium included not only national
energy agencies but also industry associations and research institutions. Table 1
presents the typology of the co-benefits considered in this study, as well as a brief
explanation of the intended effect to be analysed.
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Table 1. Typology of the co-benefits associated to the replacement of the heating equipment.

Co-benefits Description

Thermal comfort Higher thermal comfort due to more adequate room temperatures and relative
humidity

Air quality Improved indoor air quality, meaning reducing harmful gases, particulates,
microbial contaminants (which can cause mould), or other stressor that

induce adverse health conditions

Aesthetics Aesthetic improvement of the building after the implementation of the
heating solution

Ease of use /control by user Ease of use and control of the heating solution by the users (e.g. automatic
thermostat controls, easier filter changes, faster hot water delivery, etc.)

Added value into the
market

Improvement of the real estate market value of the property after the
implementation of the heating solution

Impact on useful area Increase or reduction of useful area of the dwelling after the implementation
of the heating solution

Independence from energy
prices

Reduction of exposure to energy price fluctuations to maintain the desired
level of thermal comfort

Reduction of
environmental impact

Improved environmental performance regarding energy and associated
carbon emissions (e.g. avoidance of the use of fossil fuels as energy source)

In  the  second  methodological  step  of  the  study,  an  international  survey  was
developed  to  be  disseminated  in  the  five  countries  where  the  project  is  being
implemented  -  Portugal,  Italy,  France,  Germany  and  Spain.  In  this  survey,  a
question was prepared for  the assessment  of  the co-benefits  where respondents
were  asked  to  fill  an  ascending  7-point  numerical  scale  corresponding  to  the
relevance of the co-benefit in the decision-making process of choosing a heating
solution. In the same survey, questions regarding the economic valuation of the
same  co-benefits  were  also  asked.  These  questions  were  designed  as  a  matrix
according to a contingent valuation method (CV) to investigate the Willingness to
Pay  (WTP)  of  the  consumers  (Fig.  2).  An  WTP  analysis  is  a  very  common
approach used to measure the value of non-market goods. It makes use of what is
designated as a stated preference because it asks directly to respondents to place a
monetary  value  based  on  a  hypothetical  scenario.  WTP  has  been  used  for  the
monetisation of non-energy benefits in other contexts (e.g., [35]). In this case, the
scenario is posed in the following general question: “Were you willing to invest
an additional value for an energy-efficient heating solution, if it allows obtaining
[co-benefit]?”.
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Fig. (2).  Matrix for data collection regarding Willingness to Pay for co-benefits in the international survey.

The survey was disseminated online and promoted using social media channels
and  institutional  networks  between  November  2019  and  February  2020.  The
objective  was  to  obtain  a  representative  sample  of  the  population  in  various
countries.

A  random  sampling  methodology  by  country  was  considered,  based  on  the
assumption  of  infinite  population  size,  since  the  exact  number  of  consumers
owning inefficient heating equipment is unknown. The sample size was, therefore
calculated based on eq. (1). Regarding the level of precision (d), a value of 5%
was used [36].

(1) 𝑛 =
𝑍2𝑝∗𝑞

𝑑2 =
1.962∗0.5∗0.5

0.052 = 385
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where Z is the standard normal distribution for the (1-α/2) level, d is the precision,
p is the prevalence, and q=(1-p).

In this  study,  (p)  stands for  the proportion of  the population that  evidences the
characteristic  under  evaluation.  In  this  case,  it  refers  to  the  proportion  of  the
population that is willing to change its heating system. The value was calculated
from the prevalence rates calculated in other studies [37] and is indicated in Table
2.  The  resulting  representative  survey  sample  is  composed  of  6044  complete
responses.  The  sample  consists  of  73%  male  respondents  and  26%  female
respondents. Most of the respondents have a bachelor (42%) or a master’s degree
(29%).  Although  there  is  a  variation  in  the  response  rate  for  each  country,  the
results  were  analysed,  taking  into  account  weighted  average  values  for  age,
gender  and  country  subsamples.  Therefore,  all  completed  responses  were
considered.

Table 2. Survey 1 - representative sample size per country.

Country P
(Prevalence)

N (The Necessary Number of
Complete Responses)

Total
Responses

Number of
Complete Responses

France 0.19 237 453 411

Germany 0.12 163 300 179

Italy 0.22 264 649 387

Portugal 0.18 227 519 331

Spain 0.19 237 9531 4736

All 1128 11452 6044

The  analysis  carried  out  took  into  account  that  from  the  private  perspective,
differences  in  national  contexts  strongly  affect  the  decision  of  adopting
sustainable and energy-efficient heating technologies. There is evidence that not
only culture and policy-driven investments are important. Differences can also be
strongly related to the stage of diffusion of innovation in each country [7]. These
factors are not only important for understanding the decision-making process at
the household level but also influence the relevance of the different co-benefits in
that process [8]. On the other hand, there is a need to deepen the knowledge in
each country in relation to known individual factors. The decision on whether to
adopt  energy-efficient  technologies depends heavily on several  factors,  such as
ownership, gender, access to capital or income, as well as education and age [37 -
40].  For example, there is evidence that younger households are more likely to
attribute  importance  to  environmental  benefits  and  that  older  households  place
greater  value  on  the  economic  savings  generated  by  improvements  in  energy
efficiency.  In this  study,  the degree of  relevance was distinguished by country.

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



Energy-Efficient Heating Occupant Behaviour in Buildings: Advances and Challenges   83

Additionally, the differences between the most consistent known factors presented
in studies on the adoption of improvements in energy efficiency – gender, income
and age - were detailed by each country participating in the analysis.

DEGREE  OF  RELEVANCE  AND  WILLINGNESS  TO  PAY  FOR  CO-
BENEFITS

The degree of relevance of the co-benefits was defined according to the answers
of the respondents in the 7-points scale question, where 1 means no relevance at
all and 7 means the maximum degree possible. The degree of relevance (Fig. 3) is
not related to any specific heating solution and intends to collect information on
the perceptions and preferences of the consumers. The results indicate that there
are significant differences in the relevance of different co-benefits, according to
the geographical context.

Fig. (3).  Degree of relevance of co-benefits per country.

The diagram in Fig. (3) highlights the differences in terms of countries from what
is  considered  relevant  in  terms  of  co-benefits.  For  Portugal,  for  example,
according  to  the  results,  the  most  relevant  co-benefits  are  the  ones  related  to
thermal  comfort,  air  quality  and  reduction  of  environmental  impact.  Although
these co-benefits are highly valued in many countries (such as in Italy or Spain),
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responses  from  France  indicate  that  the  most  relevant  co-benefit  is  the  added
value in the market.  For Spain,  alongside with thermal comfort,  there is  strong
evidence that independence from energy prices is highly relevant. According to
results from the survey, independence from energy prices is also the most relevant
co-benefits in Germany. The results also indicate that in Italy and Germany, the
ease  of  use  is  the  least  relevant  co-benefit.  Aesthetics  is  the  co-benefit  that
consistently  presents  the  lowest  values  in  terms  of  relevance  in  all  countries
analysed,  with  average  values  ranging  from  3  (Germany)  to  5  (France).

Fig. (4).  Willingnesss to pay for co-benefits (all countries).

Regarding the Willingness to Pay (WTP), the results suggest that at least 15% of
the  respondents  are  not  willing  to  invest  in  any  co-benefit  Fig.  (4),  which  is
significant. Additionally, an important share of respondents (34% on average) is
willing to pay only an additional of 100 euros per each co-benefit. In particular,
co-benefits  such  as  air  quality,  ease  of  use,  independence  from  energy  prices,
thermal  comfort  and reduction of  environmental  impact  are  the  most  valued in
this tier. In the tier corresponding to the willingness to pay between 100 and 500
euros,  the  most  valued  co-benefit  is  independence  from  energy  prices  (30%),
closely  followed  by  thermal  comfort  and  air  quality,  according  to  the  data
collected.  Importantly,  as  expected,  fewer  respondents  are  willing  to  pay  more
than 500 euros  for  the  co-benefits.  The  reduction  of  environmental  impact  and
independence from energy prices are indicated as the most valued co-benefits in
this  tier.  In  opposition,  aesthetics  and  useful  area  are  the  least  valued.
Consistently, most respondents (49%) indicated that they are not willing to invest
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any additional value in these two co-benefits (aesthetics  and useful area) when
associated with a heating solution.

COMPARING  THE  PERSPECTIVES  OF  NATIONAL  CONTEXTS  ON
CO-BENEFITS

This section presents the most important aspects found in the analysis performed
by  country,  with  the  objective  of  highlighting  their  particularities.  For  that
purpose,  the  results  were  differentiated  between  the  factors  of  age,  gender  and
income range, which were already considered important in the owners’ decision-
making process in other studies (e.g., [38,39]).

Fig. (5).  Co-benefits – Degree of relevance and WTP for Portugal.

Portugal

Detailed results from Portugal (Fig. 5) show that, in general, female respondents
value  co-benefits  more  than  male  respondents,  although  the  responses  were
aligned  in  terms  of  importance.  In  Portugal,  independently  of  the  perspective
under analysis, the most relevant co-benefits are thermal comfort, air quality and
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reduction of environmental impact. It is also noticeable that differences in income
present  only  slight  distinctions  in  how co-benefits  are  considered  relevant.  For
example, there is a subtle decrease concerning ease of use for respondents with a
higher level of income. Respondents who reported the highest level of monthly
income considered in the survey (>4000 euros) also attribute a higher relevance to
aesthetics. Respondents on the lower tier in age (<25) indicated thermal comfort
as being less relevant than other ages tiers. In opposition, responses coming from
the middle tier (between 25 and 40 years old) indicate independence from energy
prices and added value in the market as being the least relevant. However, these
are  subtle  differences  between  these  two  co-benefits  (an  average  difference  of
0.57 in the 7-point scale range).

In terms of the economic valuation, 40% and 44% of the respondents in Portugal
respectively indicated that they were not willing to invest an additional value in
aesthetics and changes in the useful area. At the level of willingness to pay up to
100  euros,  the  highest  percentage  of  responses  are  on  air  quality  (40%)  and
independence from energy prices (39%). Respondents also indicated that they are
willing to invest an additional value between 100 and 500 euros in reduction of
the  environmental  impact  (40%)  and  thermal  comfort  (38%),  as  well  as  in  air
quality  (33%).  When  it  comes  to  the  highest  level  of  WTP  (>500  euros),  the
highest  percentages  correspond  to  reduction  of  environmental  impacts  (13%),
thermal  comfort  (12%)  and  added  value  in  the  market  (12%).

Spain

Results concerning responses from Spain (Fig. 6) indicate that the most relevant
co-benefits at the country level are reduction of environmental impacts (average
value  of  6.15),  independence  from  energy  prices  (average  value  of  6.1)  and
thermal comfort (average value of 6.0). In terms of gender, male respondents in
Spain  attribute  less  relevance  to  co-benefits,  in  particular  to  the  useful  area
(average  difference  of  -0.43),  air  quality  (average  difference  of  -0.40)  and
aesthetics (average difference of -0.26). When income levels were considered, a
coincidence  in  almost  every  co-benefit  for  all  income  levels  is  noticeable.
However, results concerning ease of use (which is the least relevant co-benefit in
this  context)  present  differences,  namely  regarding  the  first  level  of  income
(<2000  euros)  attributing  more  relevance  to  this  co-benefit  than  to  the  second
(average difference of -0.14) and the third (average difference of -0.43) levels of
monthly income.

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



Energy-Efficient Heating Occupant Behaviour in Buildings: Advances and Challenges   87

Fig. (6).  Co-benefits – Degree of relevance and WTP for Spain.

When age is analysed for this national context,  results indicate that ease of use
and aesthetics are considered as having a higher relevance for respondents over 40
years  old  (average  value  of  4,89)  than  for  the  respondents  under  25  years  old
(average  value  of  4,22).  Younger  respondents  (<25  years  old)  from  Spain
indicated independence from energy prices, reduction of environmental impacts,
air quality and thermal comfort as the most relevant co-benefits.

Concerning willingness to pay,  Spanish respondents  indicated that  they are not
willing to invest an additional value in co-benefits providing improved aesthetics
(48%)  and  more  useful  area  (43%).  A  willingness  to  pay  up  to  100  euros  is
evidenced  for  air  quality  (39%)  ease  of  use  (38%),  independence  from energy
prices (37%) and reduction of environmental impacts (37%). Independence from
energy  prices  (31%)  and  reduction  of  environmental  impacts  (30%)  are  also
indicated as the most significant amongst respondents willing to pay between 100
and 500 euros, as well as in the highest level of willingness to pay (> 500 euros).

Italy

In  Italy  (Fig.  7),  similarly  to  Spain,  ease  of  use  (average  value  of  2.5)  and
aesthetics (average value of 3.9) are considered the least relevant co-benefits. On
the  other  hand,  in  this  country,  thermal  comfort  (average  value  of  6.2)  and
reduction  of  environmental  impacts  (average  value  of  6.1)  are  indicated  as  the
most relevant. As in other national contexts, in Italy, female respondents also give
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slightly  higher  relevance  to  co-benefits,  with  exception  to  added  value  in  the
market.

Fig. (7).  Co-benefits – Degree of relevance and WTP for Italy.

Results  regarding  the  level  of  income  present  interesting  differences  for  Italy.
Respondents within the first level of monthly income (<2000 euros) are the ones
indicating thermal comfort (average value of 6.3) and reduction of environmental
impact (average value of 6.1) as the most relevant co-benefits. In opposition, at
this level of income, respondents also indicated that ease of use (average value of
2.6) and aesthetics  (average value of 4.4) are the least  relevant.  At the level of
income between 2000 and 4000 euros, as well as for the highest level of income
(>4000  euros),  results  consistently  point  in  the  same  direction,  with  small
differences on the indicated degree of relevance, in particular regarding aesthetics.
Concerning  this  co-benefit,  respondents  in  the  two  highest  levels  of  income in
Italy reported it as being the least relevant (in fact even less relevant than for the
respondents in the first level of income (<2000 euros per month)).

Respondents under 25 years old indicated thermal comfort  as the most relevant
co-benefit  (average value of  6.8)  and ease of  use  as  the least  relevant  (average
value of 1.5). On the other hand, respondents within 25 and 40 years old reported
air quality  as the most relevant (average value of 6.1). Thermal comfort  is also
considered  the  most  relevant  co-benefit  for  respondents  over  40  years  old
(average  value  of  6.2).
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Regarding  the  willingness  to  pay,  there  is  a  significantly  high  percentage  of
responses  (55%)  indicating  no  willingness  to  invest  an  additional  value  in
aesthetics, when acquiring a new heating solution. Respondents are willing to pay
an additional  value up to 100 euros primarily for ease of  use  (30%) and added
value in the market  (26%). Responses indicated that thermal comfort  is the co-
benefit most people are willing to pay an additional value between 100 and 500
euros  (30%)  alongside  with  independence  from  energy  prices.  Most  of  the
respondents  willing  to  invest  more  than  500  euros  indicated  the  reduction  of
environmental  impacts  (36%)  and  thermal  comfort  (29%)  as  the  preferred  co-
benefits.

France

In France (Fig. 8), the reduction of environmental impact is the most relevant co-
benefit (average value of 5.8) and ease of use the least relevant (average value of
4.2). Results indicate that, in terms of gender, male respondents value ease of use
more than female respondents (a difference of 0.5 on average).

Fig. (8).  Co-benefits – Degree of relevance and WTP for France.
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Interesting  results  regarding  income  indicate  a  coincidence  in  responses  in
relation to the levels of monthly income between 2000 and 4000 euros and more
than 4000 euros. However, for respondents with a level of income equal or less
than 2000 euros/month, the relevance of co-benefits is consistently lower (average
of  0.9  difference  in  responses),  with  the  exception  of  ease  of  use,  which  was
identified as more relevant for the lower income level respondents (average of 0.8
difference) than for the respondents with higher levels of income.

Generally,  results  from  French  respondents  are  consistent  for  all  the  age  tiers
considered in the analysis. However, younger respondents indicated the highest
value for thermal comfort (average value of 5.9) and the lowest value for ease of
use (average value of 3.58).

In terms of willingness to pay, responses point out to a high percentage of people
not willing to invest in aesthetics (45%) and change in useful area (44%). Most of
the respondents indicated that they are willing to pay an additional value of up to
100  euros  for  several  co-benefits.  In  this  context,  thermal  comfort  (58%),
independence  from  energy  prices  (57%)  and  air  quality  (52%)  gathered  the
majority of the responses. Regarding the responses reporting a willingness to pay
between 100 and 500 euros, most of the respondents indicated the reduction of
environmental impact (30%). The same answer can be extracted from the results
in the upper level of willingness to pay (>500 euros) although there are very few
responses for this tier in this national context.

Germany

In  Germany (Fig.  9),  both  the  reduction of  environmental  impacts  and thermal
comfort present an average value of 5.6 in the degree of relevance, which is the
highest  value  given  by  the  respondents.  In  this  country,  the  least  relevant  co-
benefit is ease of use (average value of 2.4).

The most significant differences in responses regarding the degree of relevance by
gender in Germany are in air quality  and thermal comfort.  In both co-benefits,
male respondents indicated to be of less relevance (an average difference of 0.7
and  0.8,  respectively)  when  compared  to  the  responses  of  female  respondents.
However, male respondents considered the independence from energy prices to be
more  relevant  than  female  respondents  (an  average  difference  of  0.3  in  the
degree).

In  terms  of  income  levels  in  Germany,  respondents  within  the  lowest  level  of
income (<2000 euros) generally indicated a lower level of relevance for all co-
benefits. Respondents within the middle level of monthly income (between 2000
and  4000  euros)  indicated  air  quality  (average  value  of  5.5)  and  useful  area
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(average  value  of  4.8),  as  well  as  aesthetics  (average  value  of  3.4)  the  most
relevant  co-benefits.  For  respondents  in  Germany  earning  more  than  4000
euros/monthly, the most relevant co-benefits are the reduction of environmental
impact (average value of 5.8), independence from energy prices (average value of
5.7) and added value in the market (average value of 4.6).

Fig. (9).  Co-benefits – Degree of relevance and WTP for Germany.

Responses  also  varied  significantly  in  terms  of  the  respondents’  age.  For  the
youngest (<25 years old) German respondents, the most relevant co-benefits are
the independence from energy prices (average value of 6.2) and the reduction of
environmental  impact  (average  value  of  5.7).  In  opposition,  the  youngest
respondents  attributed  the  least  relevance  to  aesthetics  (average  of  1.7).
Respondents  in  the  middle  tier  regarding  age  (between  25  and  40  years  old),
indicated  that  the  most  relevant  co-benefits  are  the  reduction  of  environmental
impact  (average  value  of  5.8),  thermal  comfort  (average  value  of  6.1)  and  air
quality (average value of 5.7). Despite an average difference of 0.4 in the degree
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of  relevance,  these  are  also  the  co-benefits  indicated  as  most  relevant  for
respondents  over  40.

Regarding the willingness to pay, responses indicated aesthetics (66%) and useful
area (64%) as the co-benefits with the highest percentage of people not willing to
invest.  Responses  regarding  other  levels  of  WTP are  lower  when  compared  to
other countries in terms of percentage.

However,  26%  of  the  respondents  indicated  that  they  are  willing  to  invest  an
additional  value  of  up  to  100  euros  in  the  reduction  of  environmental  impact,
independence from energy prices and ease of use.

Respondents also indicated they were willing to pay between 100 and 500 euros
for reducing the environmental impact (26%), independence from energy prices
(25%) and thermal comfort (23%). Reduction of the environmental impact was the
co-benefit  indicated  by  the  highest  percentage  of  respondents  (32%) willing  to
pay more than 500 euros.

CO-BENEFITS AS A SUPPORT FOR DECISION-MAKING

Using information such as that collected in this study to motivate consumers to
replace their heating systems or improve energy-efficiency in their homes can be
complex. On the one hand, there is evidence that the adoption of these measures
can  be  strongly  influenced  by  factors  such  as  economic  availability  and
knowledge on the subject, but habit and climate and cultural contexts can have a
determinant influence on the decision. There is an obvious need to go deeper to
better  understand  the  differences  demonstrated  by  the  results  in  the  previous
sections  by  undertaking  further  research  on  the  subject,  which  may  shed  some
additional  light  on  the  subject.  There  is,  nevertheless,  an  intrinsic  value  of  the
knowledge gained about co-benefits to support decision-making.

Co-benefits can support the adoption of energy-efficient technologies in decision-
making from different perspectives. From the policy making perspective, there is
potential  to  reduce  the  known  barriers  by  supporting  the  communication  and
information for consumers and building users, as well as identifying key messages
and  “selling  arguments”.  Despite  a  recognisable  limited  understanding  by
policymakers  of  the  implications  of  using  a  “co-benefits  approach”  to  address
multiple climate goals [41],  this  type of approach is  increasingly being used to
communicate additional benefits at a societal level. For example, the World Bank
has  provided  a  tool  that  can  support  decision-makers  regarding  urban
sustainability and there is a significant focus on local benefits such as improved
air quality and health outcomes [42]. The European Environment Agency had also
focused on this kind of information to communicate the advantages of boosting
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energy-efficiency [43]. However, this approach is not widely used at the private
level, despite existing evidence that these additional advantages can significantly
influence  the  decision-making  process  at  the  household  level.  Evidence  from
research, point out that these advantages are key, particularly in situations driven
by opportunities, such as building renovations. In a building renovation process,
the homeowners seem to need a solid decision basis to compare technologies [13].
Despite  the  wide  range  of  information  on  the  co-benefits  that  can  support  the
adoption  of  investments  in  energy-efficient  at  the  household  level,  there  are
limited  communication  initiatives  focusing  on  this  perspective  [44].  In  this
context,  the  HARP  project  [23]  integrated  this  information  in  a  user-friendly
online  application  that  can  advise  consumers  on  the  advantages  of  replacing  a
heating system at the household. There is, also a very promising venue regarding
the  next  generation  of  Energy  Performance  Certificates  and  the  possibility  of
promoting additional information on the implementation of renovation measures
as  hinted  in  the  2018  recast  of  the  Energy  Performance  of  Buildings  Directive
[33]. In this context, results from studies such as the one reported in this chapter
can help to tailor this information to the specificities of each country and to what
is considered relevant for building users and energy consumers. A previous work
[21]  has  demonstrated  that  the  co-benefits  arguments  are  most  effective  when
aligned  with  the  values  and  priorities  of  the  target  stakeholders,  who  can  be
policymakers or building users, because there is a strong possibility that they do
not  consider  energy  efficiency  as  a  benefit  in  itself.  There  is,  therefore,  the
urgency of  recognising different  sets  of  actors,  different  cultural  contexts,  with
specific values, which can lead to different and alternative understandings of the
benefits.

Although  not  as  directly  as  an  information  campaign  or  communication
instrument,  the  economic  valuation  of  these  co-benefits  can  also  be  of  key
importance  in  motivating  building  users  to  promote  energy-efficiency  at  the
household. One of the questions that can be highlighted in the analysis performed
in this study concerns the relationship between the relevance of the co-benefits
and the economic value that consumers are willing to pay for them. In Fig. (10),
the results of the international survey were used to demonstrate the relationship
between  the  degree  of  relevance  (X-axis)  and  the  Willingness  to  Pay  (Y-axis).
The size of the circles is indicative of the number of responses that corresponded
to the relationship of these two distinctive factors.

Generally,  the  results  from  the  survey  indicate  that,  although  there  is  a  clear
relationship between the degree of relevance and the willingness to pay for a co-
benefit  when  purchasing  a  new  heating  solution,  this  relationship  varied
significantly depending on the co-benefits. As an example, Table 3 summarises
the relationships that aggregate the largest number of responses.
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Fig. (10).  Relation between Degree of Relevance and Willingness to Pay.

Table 3. Summary of the highest aggregated responses in relation to the Degree of Relevance and the
WTP.

Co-benefits Thermal
Comfort

Air
Quality

Aesthetics Ease
of Use

Useful
Area

Added
Value

in
Market

Independence
Energy Prices

Reduction
Enviromental

Impact

Relation
Relevance/

WTP

7/ <100€ 7/<100€ 7/0€ 4/
<100€

7/<100€ 7/100-
500€

7/ <100€ 7/<100€

The higher aggregation of collected responses indicated that the co-benefits were,
in general, considered of high relevance (7 in most cases), but respondents are not
willing  to  pay  more  than  100  euros  for  the  co-benefit  when  purchasing  a  new
heating system. Exceptions were observed in aesthetics that, although considered
relevant,  most  responses  indicated  that  users  were  not  willing  to  invest  in  it.
Another  exception  was  observed  in  added  value  in  the  market,  where  the
respondents indicated that they were willing to invest a value between 100 and
500 euros.

Looking at the relation presented in Fig. (10) in detail, it is clear that the results of
the  relationship  between  Degree  of  Relevance  and  Willingness  to  Pay  were
mostly concentrated on the co-benefits rated as the most relevant (values between
5, 6 and 7 in the X-axis) and middle level in terms of value invested (investments
lower than 500 euros in the Y-axis). There is a significant relationship between
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the  degree  of  relevance  and  WTP  concerning  the  reduction  of  environmental
impact  co-benefit.  Most  responses  regarding  this  co-benefit  indicated  a  high
relevance (degree of 7) and a significant willingness to pay. In particular, there is
a large set of responses on the tier responding that are willing to invest up to 100
euros  (1206  responses)  and  between  100  and  500  euros  (1198  responses),
although there were also some responses indicating the greater willingness to pay
more  than  500  euros  (868  responses).  Notably,  there  was  quite  a  significant
number of responses indicating that while some co-benefits were relevant to some
respondents,  there  is  no  willingness  to  pay  an  additional  value  for  them.  Clear
examples  of  this  relationship  could  be  found in  the  added value  in  the  market,
where  406  respondents  indicated  a  degree  of  relevance  7  but  showed  no
willingness to invest an additional value in this co-benefit. This disparity has been
observed in research and is commonly referred to in the literature as asymmetric
behaviour  [45].  The  contextual  effects,  such  as  economic  and  psychological
factors, as well as the familiarity of the respondents with the concepts presented in
the  survey  usually  explain  it.  For  decision-making  purposes,  this  disparity
highlights the need for comprehensive analyses of the factors influencing the gap
between the degree of relevance and the willingness to pay. It also highlights the
intensity of the policy and the long-term investments made in each country that
may explain some of the differences, due to the way they were promoted [7]. On
the  other  hand,  it  is  also  important  to  underline  the  importance  of  models  to
support  decision-making  in  economic  assessments,  specific  to  each  country,
which must be robust and validated by several studies and methodologies. In that
context,  the  second  question  of  interest  regarding  the  economic  valuation
performed  in  this  study  is  that  the  contingent  valuation  used  to  obtain  a
willingness to pay can give a first estimate of the values to be considered for the
co-benefits  considering  the  replacement  of  heating  appliances.  It  can  be  useful
regarding  the  formulation  of  cost-benefit  analyses  and  the  expansion  of  other
models integrating co-benefits, such as the one developed to support the choice of
cost-optimal energy renovation measures in buildings [19]. Such an approach can
give  buildings  users  and  energy  consumers  the  perspective  of  the  real  value
obtained  from  investments  in  energy-efficiency  beyond  energy  and  economic
savings.  However,  the  use  of  these  results  in  the  cost-benefit  analysis  should
consider  limitations  and  shortcomings  that  have  to  be  recognised.  One  clear
example  is  the  difficulty  of  classifying  co-benefits,  since  overlaps  occur  (e.g.
comfort and air quality). In addition, although the achievement of co-benefits is
widespread,  its  intrinsic  value is  influenced by contextual  settings and location
specificities  [16],  which  can  hinder  the  successful  implementation  of  national
policy based on these quantifications.  Therefore,  there is  a recognised need for
further  research validating quantifications  at  various  scales  (e.g.  regional).  The
method  used  for  collecting  the  Willingness  to  Pay  in  this  study  –  contingent
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valuation – has its own advantages and limitations that must also be addressed and
recognised.  The  technique  is  used  consistently  because  it  is  the  most
straightforward estimation method and admits that respondents are not fully aware
of the real energy costs in their household, in opposition to scaling techniques that
include  such  necessity.  However,  it  depends  on  the  respondents’  level  of
abstraction, which has to be related to a hypothetical situation. This issue can lead
to  overvalued estimates  and the  appearance of  outliers,  which in  this  study are
minimised  with  the  use  of  a  weighted  average  approach,  as  explained.  Despite
these limitations and possible inaccuracies in estimating the value and relevance
of co-benefits, monetised co-benefits and their use in cost-benefit analyses can be
useful  in  informing  policy  decision-making  structures  and  helping  to  define
prioritisation  of  encouraged  policies  and  technologies.

CONCLUSION

The  work  reported  in  this  chapter  aimed  at  identifying  the  relevance  of  the
different co-benefits associated with the replacement of heating appliances in the
decision-making process of consumers. It was also a goal to make an economic
valuation of these co-benefits based on a contingent valuation method. The data
collected  allowed  a  better  understanding  of  the  difference  in  the  relevance
attributed  to  certain  co-benefits  in  different  national  contexts,  as  well  as  to
understand  the  specificities  of  each  country.

The co-benefits indicated as the most relevant were thermal comfort, air quality
and reduction of environmental impact. However, there are particularities in each
context.  Results  from  France  indicated  that  the  most  relevant  co-benefit  is  the
added  value  in  the  market  (for  the  building).  For  Spain,  results  indicated  that,
alongside with thermal comfort, the independence from energy prices is a highly
relevant co-benefit when considering the replacement of a heating appliance. The
independence from energy prices is also the most relevant co-benefit in Germany,
as indicated by responses in this study.

The results  of this analysis point  out that,  although there is  a clear relationship
between the degree of relevance and the willingness to pay an additional value
when  purchasing  a  heating  solution,  this  relationship  varies  significantly
depending on the co-benefits. Notably, there is a significant number of responses
indicating that, although some co-benefits were reported as relevant, there is no
willingness  to  pay  an  additional  value  for  them.  Clear  examples  of  this
relationship were found concerning added value in the market,  for  example.  In
opposition, there is a significant relationship between the degree of relevance and
the  willingness  to  pay  concerning  the  reduction  of  environmental  impact  co-
benefit. Most responses to this co-benefit indicated a high relevance, as well as a
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significant  willingness  to  invest  an  additional  value  in  it.  At  least  15%  of  the
respondents answered that were not willing to invest any value in any of the co-
benefits. On the other hand, a significant share of the respondents indicated that
they were willing to pay an additional 100 euros to achieve certain benefits such
as air quality, ease of use, independence from energy prices, thermal comfort and
reduction of environmental impact. Importantly, in the tier corresponding to the
willingness  to  pay  between  100  and  500  euros,  the  most  valued  co-benefit  is
independence from energy prices,  closely followed by thermal comfort  and air
quality.  Additionally,  the  reduction  of  environmental  impact  and  independence
from energy prices are indicated as the co-benefits most valued by respondents,
some indicating that they are willing to pay more than 500 euros.

In  conclusion,  the  results  highlighted the  importance of  the  relevant  economic,
social  and  cultural  differences  between  the  five  countries  analysed.  The
information  collected  can  be  used  to  support  decision-making.  Two  different
views were discussed in this chapter. On the one hand, the information generated
by studies such as the one presented here can help in communicating the benefits
of  energy  efficiency  programs  both  at  societal  and  private  level,  tailoring
information campaigns to the specificities and relevance of each national context.
On  the  other  hand,  this  study  also  shows  the  importance  of  the  economic
valuation of co-benefits, as a key element for more robust cost-benefit analyses,
by providing information for building users and energy consumers about the real
value  obtained  with  investments  in  energy  efficiency  beyond  energy  and  cost
savings.
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CHAPTER 4

The Impact of Occupants in Thermal Comfort and
Energy Efficiency in Buildings
António Ruano1,2,*, Karol Bot1 and Maria da Graça Ruano1,3

1 Universidade do Algarve, 8005-294 Faro, Portugal
2 IDMEC, Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisboa, Portugal
3 CISUC, University of Coimbra, 3030-290 Coimbra, Portugal

Abstract:  The chapter reviews the impact of occupancy in buildings, in particular in
thermal comfort and energy efficiency. Concerning the first issue, this chapter will first
propose a means to estimate occupancy, the impact of occupation in thermal comfort
measured by the Predicted Mean Vote index, and its use for real-time control of HVAC
equipment. All data used are measured data of a real university building under normal
occupation. The effect of occupancy in energy efficiency will focus on the residential
segment, using data of a recent installation of a data acquisition and control system in a
household  located  in  the  south  of  Portugal.  This  work  shows  that  the  impact  of
occupancy in electricity consumption becomes more evident as the electric energy is
being desegregated and that the availability of this information by the occupants can be
used to improve energy efficiency. Moreover, the use of occupation in the design of
electric consumption forecasting methods will also be discussed.

Keywords: Artificial neural networks, Computational learning, Data acquisition,
Energy efficiency, Electricity consumption, Forecasting models, HVAC, Multi-
objective genetic algorithms, Occupation, Thermal comfort.

INTRODUCTION

Industrialisation  and globalisation  powered  a  rapid  economic  development  that
was  accompanied  by  progressively  increasing  energy  consumption  [1].  Three
sectors  of  the  economy  stand  out  for  the  significant  amount  of  energy  they
consume.  They  are  the  sectors  of  industry,  transport,  and  buildings  -  with
buildings representing the largest portion. For example, in the United States, the
built  environment  consumes  35%  of  total  primary  energy,  and  about  45%  of
electricity, mainly through the use of Heating, Ventilating  and  Air  Conditioning
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(HVAC)  systems  [2].  It  is,  therefore,  of  fundamental  importance  to  decrease
energy usage in residential and service building and, simultaneously, maintain the
thermal  comfort  of  its  occupants.  This  can  be  obtained  by  integrating  efficient
passive  solutions  in  the  architecture  and  construction  of  buildings,  the
employment  of  renewable  energy,  and  the  use  of  efficient  Home  Energy
Management Systems (HEMS), with a special emphasis on the control of existing
HVAC systems.

Despite  all  advances  obtained  in  these  areas  in  the  last  decade,  the  maximum
capacity for the use of intelligence in building systems, however, remains fallow,
due  to  the  complexity  and  variety  of  the  systems,  in  addition  to  the  frequent
question of suboptimal control strategies [3]. Various reviews reported intelligent
optimisation and control strategies in buildings [4], advanced control schemes [5],
energy intelligent buildings [6] and passive and energy-efficient designs [7,  8].
Occupancy and occupant behaviour have a considerable impact on the operation
and performance of the building. In [9], the motivations of occupant behaviour in
a residential  context are categorised. Detection of occupant actions through the
usage of indoor environment monitoring systems is presented in [10].

This  chapter  deals  with  building  thermal  comfort,  HVAC  control  and  home
energy efficiency, focusing on the impact of occupation are these three areas. The
two former topics are discussed in the next section, while energy efficiency will
be dealt with the subsequent section. Conclusions and future research directions
are discussed in the final section of this chapter.

THERMAL COMFORT AND HVAC CONTROL

This section introduces the most used metrics for thermal comfort evaluation and
proceeds to the estimation of occupancy in buildings. Subsequently, the impact
that  occupancy  has  in  thermal  comfort  is  highlighted,  and  a  method  to  use  the
thermal comfort index for HVAC control is proposed, incorporating occupation
estimation.

Thermal Comfort Metrics

The thermal sensation of occupants in buildings varies not only with the climate
conditions in the rooms but also with the activity the occupants are performing,
their  clothing,  and  also  between  individuals.  Because  of  that,  the  American
Society  of  Heating,  Refrigerating  and  Air  Conditioning  Engineers  (ASHRAE)
proposed a thermal sensation scale (Table 1) to quantify the thermal sensation of
people [11].
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Table 1. The ASHRAE Thermal Sensation Scale.

Cold Cool Slightly Cold Neutral Slightly Warm Warm Hot

-3 -2 -1 0 1 2 3

The Predicted Mean Vote (PMV) index was presented by Fanger [12], aiming to
allow  the  prediction  of  the  average  vote  of  a  large  group  of  persons,  on  the
thermal  sensation  scale.  The  PMV  relies  upon  six  components:  mean  radiant
temperature (), clothing insulation (Icl), metabolic rate (M), air temperature (), air
velocity () and air humidity (Hai). Please note that there are other thermal comfort
indexes (see, for instance [13]) but it is the one most used. It is computed utilising
a heat-balance equation given by [14], as eq. (1):

(1)

where  L  represents  the  thermal  load  in  the  human  body,  characterised  as  the
variation between the internal heat production and the heat loss occurring when
the human is in a thermal balance, as described in eq. (2):

(2)

where W and M are the external work and metabolic rate, respectively, both in
W/m2, Pai is the fractional water vapour pressure in Pascal. Both temperatures Tai
and are given in degrees Celsius. The hcl, the convective heat transfer coefficient,
and, clothing surface temperature (both in ºC), are given by eq. (3) and eq. (4):

(3)

(4)
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Until a certain degree of accuracy is obtained, eq. (2) and eq. (3) are calculated
recursively.  Finally,  in  (2)  and  (3),  fcl,  (ratio  of  body  surface  area  covered  by
clothes to the naked surface area), is given by eq. (5):

(5)

To determine the PMV in practice, reference values of Icl and M are acquired from
tables existent in several books related to HVAC systems, as is presented in [11].
Vai can be measured or obtained indirectly through the HVAC specifications. Pai is
connected to, employing Antoine’s equation:

(6)

The last variable needed to compute is the mean radiant temperature (), essential
to  the  PMV calculation.  It  may  be  described  as  the  uniform temperature  of  an
imaginary enclosure wherein radiant heat transfer from the human body equals the
radiant  heat  transfer  in  the  actual  nonuniform enclosure  [11].  Its  value  may be
calculated employing distinct methods [11]:

From  the  plane  radiant  temperature  in  six  opposite  directions,  weighted●

according to the projected area elements for a person;
Through  the  usage  of  a  black  globe  thermometer  placed  in  the  geometrical●

centre of the room. The following equation may be used to determine the globe
temperature, denoted by (Tg):

(7)

where  the  globe  emissivity  coefficient  and  the  globe  diameter  in  meters  are
denoted  by  ε  and  D,  respectively.

Finally, thermal comfort can be expressed in three classes: A, if -0.3<PMV<0.3;
B,  if  -0.5<PMV<0.5;  and  C,  if  -0.7<PMV<0.7.  The  most  used  class  is  B.
Obviously,  considering  HVAC  control,  class  A  implies  the  largest  energy
consumption,  whilst  class  C  the  least.
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PMV Computation

As it  can be concluded from what has been said,  to compute PMV for specific
values of M, Icl and, it is needed to acquire, Hai and Tg, or the temperature (Tw).
Additionally,  assuming  that  these  values  are  available,  the  computation  of  the
actual PMV must also be considered.

Starting  from  this  last  point,  PMV  can  be  obtained  by  the  solution  of  (2-7).
However, iterative computations are used in this formulation, being responsible
for a variable execution time. If PMV is used in a model-based predictive HVAC
control scheme, as it will be explained later on, hundreds or thousands of PMV
evaluations may be needed to be computed within a single sampling period.

Fig. (1). Top plot: Histogram of error; bottom plot: PMV index fitting on validation data set employing a five
neuron RBF model [20].

For this  reason,  it  is  of  fundamental  importance to  employ a  method for  rapid,
constant  execution  time,  to  the  computation  of  the  PMV  index.  Some
computational learning approaches were proposed for PMV approximation [15 -
18]. Computational learning methods are based on a sequence of observations of
variables/parameters measured at successive points in time [19], not requiring the
internal states information of the system under analysis to being able to model it.
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Our  research  group  used  Radial  Basis  Function  Neural  Networks  (RBFs)  to
achieve  this  goal  [20].  RBFs  typically  have  a  single  hidden  layer,  where  the
activation  function  of  the  neurons  is  radial-type  functions,  typically  Gaussian
functions.  The  output  of  an  RBF  is  just  a  linear  combination  of  hidden  layer
outputs. The average error of 0.0014 and maximum absolute error of 0.0075 was
achieved with a RBF with only five neurons. Fig. (1) presents the results obtained
in the study [20].

The relative performance of the obtained results may be seen in Fig. (2). As it is
shown, those results were achieved with a saving of 55 times in computation time,
compared with the standard iterative computation.

Fig. (2). Relative performance regarding computing time and accuracy [20].

Going  now  to  the  data  acquisition  procedure,  as  the  room  air  temperature  and
relative  humidity  are  quantities  easy  to  measure,  we  shall  focus  on  the
computation  of  the  mean  radiant  temperature.  Both  methods  presented  in  the
previous  section  were  used  by  the  team.  In  an  early  work  [21],  a  black  globe
thermometer  was  employed,  as  shown  in  Fig.  (3).  The  room  used  is  a  small
lecture  theatre  located  in  Building  8  of  the  University  of  Algarve,  Gambelas
Campus,  Faro,  Portugal.  As  can  be  seen,  the  ball  is  not  located  in  the  middle
height of the room, as it was not convenient for the occupants. Additionally, it is
undoubtedly not an esthetical solution.
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Fig. (3). A black-globe thermometer located in a small lecture theatre.

For  these  reasons,  in  a  subsequent  project,  the  second  method  was  employed.
Several  experiments  were  carried  out  measuring  the  temperature  of  the  six
constructive  surfaces  in  distinct  classrooms  and  surfaces.  The  conclusions
achieved in [22] show that the temperature of the ceiling estimates well the value
of, both in summer and winter, and this is the method presently employed. This
means  that  to  compute  the  PMV,  besides  measuring  and  Hai,  it  is  necessary  to
acquire the ceiling temperature Tw.

The  first  two  variables  were  previously  measured,  together  with  the  state  of
windows/doors,  by  a  wireless  sensor  node  (WSN,  please  see  Fig.  (3),
implemented with a Tmote Sky platform, an IEEE 802.15.4 compliant device that
uses the TinyOs operating system [23]. As can be seen, although communication
is wireless, cables are employed to power the system. An important finding was
that  this  platform,  as  well  as  off-the-shell  WSN, was not  suitable  for  buildings
energy management due to numerous factors, as listed below:

economic:  they  are  not  cheap,  which  is  a  problem  in  their  application,●

particularly for large buildings with many spaces;
ergonomic:  the nodes are excessively large for  incorporation with the desired●

components.
redundancy:  their  generic-purpose  nature  lead  the  architecture  to  consist  of●

numerous needless components for unique functions;
consumption  of  energy:  due  to  its  consumption,  frequent  battery  replacement●

would be required, or connection to the electric network would be needed;
engineering: an extensive quantity of work is needed to achieve the integration●

of  specific  sensors;  especially  in  wiring  for  power-constrained  available
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placement  locations;
maintenance: changing batteries in large developments are not feasible.●

To address these points and with focus also in providing a less intrusive platform
for  the  occupants  of  the  room,  it  was  designed,  implemented  and  tested  Self-
Powered  Wireless  Sensor  (SPWS)  nodes  [24].  Very  briefly  describing,  an  850
mAh lithium polymer battery is used by the SPWS applied. The EMS circuitry
aims the implementation of the usage purpose of regulating voltage levels and the
selection of one of three modes of operation: charging the battery while powering
from the USB; powering from Universal Serial Bus (USB) port, or battery both
charging and powering.

The SPWS circuit (Fig. 4) is designed around a microcontroller Microchip XLP
(eXtreme  Low  Power)  that  allows  deep-sleep  and  sleep  states,  enabling  the
energy-efficient  design  of  the  operational  duty-cycle.  The  microcontroller  is
complemented  by  an  IEEE  802.15.4  appropriate  transceiver  to  enable  wireless
transmission of data. The microcontroller performs distinct tasks, according to the
type of node, as listed below:

Fig. (4). Left: mounted SPWS on a wall. Right: detail of an open SPWS - PCB, battery and PV module [24].

transmitter:  reads  the  sensor(s)  data,  communicates  the  readings  to  the  RF●

transceiver for transmission, and deep-sleeps until the next sampling time;
receiver: repeatedly receives datagrams from the RF transceiver, extracting the●

sensor data sent by a transmitter or repeater node, and sending it to an Ethernet-
connected device (a collector node) over the USB port;
repeater: receives datagrams from the RF transceiver in a continuous manner,●

changing  the  necessary  addressing  information,  and  communicating  the  new
data packet for transmission by the RF transceiver.
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The following sensors were used in the SPWS (please see Fig. 4):

Silicon  Labs  Si7021;  and  Sensirion  SHT2  sensors  -  employed  for  relative●

humidity and air temperature measurements;
PT1000 superficial temperature sensor - used to measure the temperature of the●

walls
Hamlin  59150-030  magnetic  reed  switch  sensors  -  used  to  identify  the  state●

(open or closed) of fenestration surfaces;
Panasonic EKMC1601111 Passive Infra-Red (PIR) motion sensor - employed to●

identify movement in rooms;
N5AC-50108 photo-resistor  from Low Power  Radio  Solutions  –  employed to●

measure the luminous flux,

The  use  of  very  low  power  components  and  a  careful  selection  of  the  sensors
made the perpetual operation of these devices possible. For more details, please
see [24].

Occupancy Estimation and Detection, and Its Impact on Thermal Comfort

Occupation can be estimated or detected in several ways. For instance, Meyn and
co-workers [25] propose a Sensor-Utility-Network (SUN) estimator, employing
data  from  several  sensors,  historical  data,  room  schedules  and  building
characteristics.  Cao  and  co-workers  [26]  employ  cameras  for  occupancy
estimation. For occupancy detection [27], employees WiFi probe-based ensemble
classification.  Also,  for  detection  [28],  presented  a  method  based  on  air
temperature,  relative  humidity  and  CO2  levels  of  the  room.

As pointed out, the SPWS introduced in the last section measure movement using
a PIR sensor. Detection of occupation in a room can be obtained directly, and the
level of movement (M) is correlated with how many occupants are in a room. For
thermal comfort assessed with PMV, occupancy affects the inside temperature.

For  predictive  control  of  HVAC  systems  using  PMV,  models  are  needed  to
predict  the  evolution  of,  Hai,  and  Tw.  The  influence  of  occupation  in  PMV  is
through  the  room  temperature.  In  previous  experiences,  this  research  group
developed models for forecasting the evolution of these variables and, using those
forecasts, of PMV. Fig. (5) shows the prediction error (1-step-ahead) for the air
temperature in a room obtained with a model which was designed with data with
no occupancy.  The room considered was a computer room at  the University of
Algarve.  It  is  clear  that  the  error  increases  between  samples  20  and  35,  where
movement is detected using a similar PIR sensor found in the corner of Fig. (3).
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Fig. (5). Top: Absolute error signal between the measured and estimated. Bottom: Movement signal [29].

Subsequently,  the  model  was  redesigned,  adding  data  collected  in  periods  of
occupation to the previous design data, and incorporating the movement signal.
Results obtained in another experiment and presented in Fig. (6) showed that the
new model presented a significant improvement when compared to the original
model.  The  original  model  achieved  an  RMSE  of  0.217,  while  the  redesigned
model  (with  the  period  of  occupation  data  incorporated)  improved  this  value
significantly  to  0.066.

Fig. (6). Top: measured (red); predicted with the original model (magenta) and predicted with the new model
(green). Bottom: movement signal [16].
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The use of the redesigned model also translated in a better PMV computation. Fig.
(7) shows the evolution of PMV, either computed with eq. (2-6), or obtained with
the PMV model, using for that the original model for Tai, and the redesigned one.
As can be seen, the estimated PMV obtained with the new model is very good,
and always better  than using the original  model.  More information about  these
experiences can be found in the study [29].

Fig. (7). PMV measured (red), estimated with the original model (black) and with the new model (green)
[29].

When  Model-Based  Predictive  Control  (MBPC)  is  employed  with  the  aim  of
controlling  the  HVAC  systems  in  buildings,  models  must  be  used  to  forecast
whether terms in the objective function and/or in the restrictions employed within
a  Prediction  Horizon  (PH).  Again,  there  is  not  a  single  solution,  but  different
approaches are available in the literature (see, for instance [30 - 34]).

The research group has proposed an intelligent MBPC HVAC system. In short,
seven  forecasting  models  were  designed,  three  for  atmospheric  variables  (air
temperature – TA, Global Solar Radiation – SR, Relative Humidity – RH), and
four interior variables (TAi,  RHi,  and M). These models supply the forecasts of
those variables over PH (large arrows in Fig. (8)). These forecasts are supplied to
a static PVM model, described earlier that outputs the forecasting PMV values to
the  MBPC  algorithm.  The  PMV  forecast  is  supplied  to  the  MBPC  algorithm,
which uses it to ensure that the PMV lies in thermal comfort throughout PH, while
minimising the economic cost corresponding to the HVAC energy consumption.
Finally, as this scheme supports schedules, the HVAC is operated in such a way
that  it  maintains  thermal  comfort  only  on  the  schedules  supplied,  minimising
further  the  operational,  economic  cost.  For  more  information  on  this  control
approach,  please  see  [22].
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As it is possible to see in Fig. (8), the forecasts of the motion signal are necessary
to compute the forecasts of TAi and. Forecasting occupancy is a complicated task,
being among the most challenging problems in energy management systems. The
occupant behaviour does not usually have a standard pattern, and it is the main
reason for the forecasting errors resulting from the difference between predictions
of simulation software and the actual situation.

Fig. (8). Schematic diagram of the IMBPC HVAC approach [24].

The stochastic model assumes the presence of occupants as changing randomly
and predicts at the next point in time the location of an occupant by analysing the
location of the occupant at a previous point in time. In this sense, the most used
models that have been efficiently implemented for predictions of the number of
occupants in a room are the Markov models [35]. To predict the occupancy rate
Dong and Lam [36] employed a data flow of a multi-sensor system coupled with a
semi-Markov  model.  Sun  et  al.  [37]  also  employed  a  stochastic  model  and
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showed  that  the  arrival  and  departure  time  of  occupants  are  exponentially
distributed,  and  the  number  of  occupants  in  a  room of  the  building  considered
presented  a  quadratic  distribution.  To  simulate  the  motion  of  an  occupant  in  a
building,  Wang  et  al.  [38]  used  a  first-order  homogeneous  Markov  model  and
achieved a quantitative relationship between the amount of time people move in
and out of a building and the occupancy rate. Ding and co-workers [39] used a
Markov  model  and  a  probability  function,  aiming  to  describe  the  electricity
consumption  caused  by  the  randomness  of  occupancy  in  buildings.

The  probabilistic  models  defined  earlier  need  a  large  amount  of  data,  and  the
result  is  not  very  accurate.  The  authors  have  previously  proposed  a  more
straightforward  approach,  presented  in  [22].  The  forecast  of  occupant  motion
throughout  the  prediction  horizon  at  each  instant,  assuming  the  existence  of
schedules, will be a constant value equal to the exponentially weighted average
value of the movement signal, from the start of the schedule until that sample.

Denoting this average at instant k by s[k], the forecast of the M signal, throughout
a prediction horizon PH, for an occupation period, eq. (8) gives:

(8)

An exponentially weighted average is used for:

(9)

where  α  ϵ  {0…1}  is  a  forgetting  factor,  which  weights  the  current  value  of
movement,  against  the  previous  average.  A  typical  value  is  0.8.

This  method,  unfortunately,  as  well  as  the  others,  does  not  present  a  good
accuracy. To illustrate the performance obtained, Fig. (9) shows the evolution of
different  variables  for  one experiment  in  one lecture  room in the  University  of
Algarve. In that summer, three exams were scheduled to take place in that room:
the first between 9h to 11h, the second from 11h to 13h, and the third between
16h  to  18h.  Accordingly,  two  scheduling  periods  were  assumed:  from  9h  to
13h05m,  and  from  16h  to  18h05m.
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Fig. (9). Evolution of room variables [22].

In Fig. (9), the first graph presents how the room temperature evolves during the
day, as well as the mean radiant temperature. The second presents the atmospheric
air temperature. The third shows the room and atmospheric air relative humidity.
The fourth graph and fifth graph present the occupant’s motion and PMV signals,
respectively.  The  sixth  graph  shows  the  evolution  of  the  HVAC  systems’
reference temperature, where the 0 value indicates the scenario in which the unit
is off.

Excellent  one-step-ahead  forecasts  were  obtained,  except  for  the  movement
signal.  Although  the  prediction  method  is  simple,  not  requiring  previous
computation, the predictions only follow the trend of the signal. For more detail
on this experience and the methods, please consult [22].

Eletric Consumption and Energy Efficiency

Following,  the  impact  of  occupation  on  the  electric  consumption  and  energy
efficiency  is  discussed.  One  form  to  segment  the  electricity  consumption  is
between  non-residential  and  residential  buildings’  energy  consumption.

In the former case, Mehreen and co-workers [40] analysed the existent connection
among electric energy demand profiles and occupant’s activities for a university
service building. The effect of occupancy and building usage on energy demand
in Finnish daycare and school buildings was discussed in [41].
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To increase energy efficiency in the residential sector, López et al. [42] analysed
the impact of active occupancy in the daily residential electricity demand profile
in several  regions of  Spain.  Muroni and co-workers [43],  and Causone and co-
workers [44] integrated into building performance simulation models profiles of
occupancy and occupancy-related load profiles. Appliance load profiles are also
employed in [45] for simulated Home Energy Management Systems (HEMS).

In  contrast  with  previously  presented  works,  the  research  developed  here  is
focused  in:

finding the impact on the number of occupants in electricity consumption of aa.
residential house, and to determine which are the most affected appliances;
determining the  impact  of  occupation in  electricity  consumption forecastingb.
models.

The data  that  will  be used is  collected from a case study household,  located in
Gambelas,  Algarve,  in  the  south  of  Portugal.  It  is  a  single-family  building,
composed by two floors and with twenty different spaces. The building accounts
with  a  PV  installation  composed  by  20  Sharp  NU-AK  panels  [46],  each  panel
with  300  Wp.  The  inverter  characteristics  are  described  in  [47],  which  also
controls  a  battery  with  11.5  kWh  of  storage  capacity,  described  in  [48].  The
electric  panel  existent  in  the  building  is  a  Schneider  panel  consisting  of  16
monophasic circuit breakers, plus a triphasic one. The house also has available a
few  Self-Powered  Wireless  Sensors  (SPWS)  for  measuring  room  climate
variables, and activity [24], and a few TP-Link HS100 Wi-Fi Smart Plugs (SP)
[49], as well as one Intelligent Weather Station (IWS) [50].

This  data  is  collected  in  the  framework  of  a  Portuguese  FCT-funded  project,
NILM-forIHEM,  which  is  currently  under  development.  The  objectives  of  this
project are to improve appliance detection usage employing Non-Intrusive Load
Monitoring  (NILM)  methods  [51],  and  to  use  this  disaggregated  data,  together
with forecasting models, to improve the performance of HEMS.

Data Acquisition System

The building has a data acquisition system implemented to monitor many electric
variables.  The  data  that  will  be  used  for  NILM  identification  is  supplied  by  a
Carlo Gavazzi (EM340) 3 phase energy meter [52]. EM340 supplies 45 distinct
electric variables, sampled at 1 Hz. Additional electric variables are measured for
every circuit breaker to provide approximate values for the NILM identification,
as proposed by the project in which this activity is inserted. The devices making
these  measures  are  Circutor  Wibeees  (WBs)  [53],  which  are  plug  and  play
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wireless devices to acquire electric consumption values. Measurements of current,
voltage,  frequency,  power  factor,  active  inductive  reactive,  active  reactive  and
apparent power, and capacitive reactive energy are obtained every second for the
16 monophasic circuit breakers, the same number for each phase of the triphasic
one, together with totalised values. Every second, 198 variables are sampled by
the WBs.

Fig. (10). Data acquisition diagram [54].

Several  gateways and a  technical  wireless  network are  responsible  for  the  data
transmission from/to  the  measurement  devices.  For  a  description of  the  system
implemented, the reader is invited to consult [54]. A diagram of the acquisition
system is presented in Fig.  (10),  in which GW stands for Gateways and SP for
smart plugins.

Electric Consumption and Occupation

To develop the models, the data used ranged from January to July 2020. In eleven
days (13 and 18 Jan, 10 and 11 Feb, 01, 02, 03, 04, 07, 15 and 19 May) there was
lack  of  some  data  and  therefore  those  days  were  not  considered.  One  second
sampling interval acquired data was translated into daily and monthly data. Fig.
(11)  shows  the  monthly  house  electric  consumption  throughout  the  period
considered.  Please note that  the data considered for  May did not  include seven
days  of  that  month.  As  expected,  the  highest  electric  consumption  occurred  in
January.
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Fig. (11). Monthly electric consumption.

Fig. (12). Daily occupation between January and July.

Fig.  (12)  shows the daily  occupation of  the house,  manually registered,  for  the
period considered. If the Pearson correlation coefficient is computed between the
daily  electric  consumption  and  the  occupancy,  it  can  be  concluded  there  is  no
valid statistical correlation (0.03, with a p-value of 0.68).
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Table 2 shows the disaggregation of the energy by the circuit breakers.

Table 2. Distribution of appliances through circuit breakers.

Breaker # Appliances Total Consumption
(kWh)

1 Alarm 0

2 Swimming pool pump, external lightning 982

3 Lightning, Floor 1 1

4 Lightning Floor 0, iron, hairdryer, bathroom towels heater 289

5 Air conditioner (study) 31

6 Motors (garage, gate) 3

7 Air conditioners (bedrooms 2 and 3) 75

8 Electric Water Heater, washing machine 1,173

9 Dishwasher, microwave fryer, kettle 67

10 Air conditioner (bedroom 4) 160

11 Other kitchen appliances and illumination 282

12 Lounge lamp and other equipment (TV, audio, TV box, …) 125

13 Computer equipment, TV, aquarium, lamps, hall electric air heater
and towels bathroom heater (Floor 1).

1,077

14 Air conditioner (Lounge) 43

15 Lightning, Floor 0 127

16 Stove nozzles 107

17 Oven 252

18 Stove nozzles 146

19 Data acquisition system 59

If  appliance  classes  are  roughly  assigned  to  the  different  circuits,
HVAC:4+5+7+10+13+14;  Pump:  2;  Light:  3+15;  Water  Heater:  8;  Equipment:
12; Kitchen: 9+11; Oven: 16+17+18, the consumption distribution obtained is the
one shown in Fig. (13).

Please  note  that  this  a  rough  classification  (for  example  #4  consumption  is
assigned to HVAC class, but this circuit powers other appliances than the towers
electric  heater).  Lightning  consumption  is  insignificant  (since  the  house  is
equipped with LED lamps), as well as other equipment. Kitchen appliances and
oven consume around 17%, followed by the swimming pool water pump (20%).
The electric water heater (and the washing machine) follow, with a percentage of
24%, and the highest consumption is assigned to the HVAC equipment (34%).
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Fig. (13). Distribution of electricity consumption.

In  contrast  with  the  previously  results  regarding  the  Pearson  correlation
coefficient computed between the total electric consumption and the occupancy,
now  the  correlations  between  the  seven  different  classes  and  the  occupation
obtains statistically significant values: water pump, with (correlation of 0.16, a p-
value of 0.02), other equipment (-0.17, 0.02) and kitchen (0.64, 0).

Fig. (14). Monthly consumption per circuit breaker.

Fig. (14) shows the monthly electric consumption, further disaggregated by the
individual circuit breakers. The first noticeable fact is that monthly consumption
per  breaker  is  not  constant.  For  instance,  breaker  #13,  which  supplies  the  hall
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electric  air  heater  and  towels  bathroom  heater,  has  the  largest  consumption  in
January, as expected. If  the correlation of the consumption of each circuit  with
occupancy is determined, more statistically significant results are obtained, which
are shown in Table 3.

Table 3. Correlation between circuits consumption and occupation.

Circuit # 2 7 10 11 12 13 16 18

Correlation 0.16 0.27 0.32 0.66 -0.17 -0.10 0.25 0.36

P-value 0.02 0.00 0.00 0.00 0.02 0.02 0.00 0.00

Besides breaker #2, it can be observed that:

a  positive  correlation of  circuits  #7 and 10 exists.  This  makes  sense  since,  in●

principle, more people increases the usage of the air conditioners;
the  most  considerable  positive  correlation,  0.66,  is  obtained  in  the  kitchen●

appliances, circuit # 11. This is also expected;
small  negative  correlations  are  found  for  circuits  #12  (lounge)  and  13●

(computers,  electric  air  heater  and  towels  bathroom  heater).  These  negative
values  might  have  to  do  with  the  largest  consumption  in  January;
a significant positive correlation is obtained for the stove nozzles, which makes●

sense.  Notice  that  this  is  not  the  case  of  the  use  of  the  oven,  which  seems
unaffected by occupancy. As the oven consumption is significant in relation to
the  nozzles,  the  combined  consumption  of  the  oven  and  the  stove  was  not
affected  by  occupancy,  statistically  speaking.

It  is  also  possible  to  speculate  that  further  disaggregating  the  energy  up  to  the
individual appliances would result in more significant correlations. This, however,
will only be possible when the NILM methods are developed and applied to this
data – constituting a future step in the research.

Collected  data  can  also  be  analysed  by  the  home  occupants  so  that  energy
efficiency measures can take place. One is the change of the period of operation
of the appliances, which occurred here.

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



Thermal Comfort Occupant Behaviour in Buildings: Advances and Challenges   121

Fig. (15). Global solar radiation.

When solar  radiation increased,  PV power  generated obviously  increased.  This
means that more electricity can be exported to the grid and less can be obtained
from the grid, assuming a constant pattern of daily consumption. When storage
exists, however, more savings can be obtained by changing the time of usage of
high consumption appliances. This is the case of the swimming water pump of the
house, which typically must operate 7 hours a day and is responsible for 20% of
the total  consumption.  Between January and mid-May the pump operated from
23:00 to 6:00, as the electricity tariff is lower at night. However, as solar radiation
increased,  PV  production  intensified,  and  the  electricity  exported  to  the  mains
grew. Fig. (15) shows the solar radiation in the last week of May. Please notice
that data is now averaged in 5 minutes. The DC PV power generated is shown in
Fig. (16).

Fig. (16). DC PV power generated.
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Fig.  (17)  shows  the  power  associated  with  circuit  breaker  #2.  The  main
consumption  is  related  to  the  7  hours  operation  of  the  water  pump.

Fig. (17). Electric power associated with breaker #2.

As it can be seen, on 27th May, the period of operation changed from 23:00 - 6:00
to 9:00 -14:00. Typically, the energy was obtained from the mains at night, when
there was no PV power generated, and the battery discharged until the minimum
state of charge (SOC) of 5%. Fig. (18) illustrates the evolution of SOC throughout
the period considered.

Fig. (18). Battery State of Charge.

As  can  be  seen,  the  periods  where  the  battery  could  not  supply  energy  to  the
residence diminished when the period of operation of the water pump changed.
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This was translated into a decrease in the power obtained from the grid, shown in
Fig. (19).

Fig. (19). Power obtained from the grid.

The decrease in the power obtained from the grid was achieved at the expense of a
decrease  in  the  power  exported  to  the  grid,  as  it  can  be  seen  in  Fig.  (20).
Nevertheless, this is economically advantageous, as the price received for energy
exported is a small fraction of the one related to energy obtained from the grid.

Fig. (20). Power exported to the grid.

The  economic  saving  described  above  is  just  a  small  example  of  how  electric
information  offers  the  possibility  to  be  employed  to  (manually)  improve  the
energy efficiency when operated by the occupant. These changes of the operation
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of  schedulable  devices,  together  with  a  better  schedule  of  the  inverter,  can,
however, be automatically achieved by the use of a HEMS. Preliminary results
related to the use of this data for Model-Based Predictive Control HEMS can be
found in [55].

Energy Consumption Forecasting Models and Occupancy

When MBPC algorithms are employed for the control of the inverter, forecasting
models  of  electric  consumption  (and  PV  power  generation)  are  needed,  as
discussed  in  the  previous  section.  These  models  are  employed  for  supplying
predicted  values  over  a  specified  Prediction  Horizon  (PH).

This  section  deals  on  the  use  of  daily  occupancy  values  on  the  design  of
forecasting  models  for  energy  consumption.  Several  approaches  exist  for
predicting energy consumption in buildings. The reader can find excellent surveys
in [56, 57].

As previously mentioned,  Radial-Basis  Function (RBF) Neural  Networks (NN)
are typically employed for predictive models. The hidden neurons employ a radial
type  of  function,  typically  a  Gaussian,  their  outputs  being  linear  combined
afterwards.  Thus,  the  output  of  an  RBF  model  is  defined  by  eq.  (10):

(10)

In (10), y[k] refers to the output, at instant k, ij[k] is the jth input at that instant, w
refers to the vector of linear weights, C(j) is the vector (extracted from a C matrix)
of the centres associated with hidden neuron j, σj is its spread, and || ||2 represents
the Euclidean distance.

As an RBF is a static model, dynamics are here introduced via external feedback.
This  way,  the  RBFs models  described in  (9)  are  employed as  NAR (Nonlinear
AutoRegressive)  models  or  NAR  models  with  eXogenous  inputs  (NARX).  In
(11), y is the variable being modelled, and considering only one exogenous input
(v), for the sake of simplicity, the predicted values (), at instant k, is:

(11)

In (1), f(k-d) represents a RBF model (10), meaning that its arguments (the delays
of y and v) represent the network input vector.
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As the objective is to determine the evolution of the forecasts over a prediction
horizon, (1) is iterated over that horizon. For k+1:

(12)

For the steps within the prediction horizon,  it  is  possible not  to have measured
values for one or more terms in the argument of (11), depending on the indices of
the  delays.  These  must  be  obtained  using  previous  predictions.  As  so,  the
computation  of  the  predictions  over  a  prediction  horizon  PH  may  require  PH
executions of the model (11).

To design a “good” data-driven model, three points must be addressed. First, from
the  available  data,  samples  must  be  chosen  and  distributed  between  the  design
sets. This is called data selection. Once these sets are available, the features that
will be supplied to the model must be determined. This is called feature selection
and, in this case, besides the selection of the exogenous variables, the lags to be
employed must also be chosen. This can be done together with topology selection,
which  in  the  case  of  this  work,  translates  into  the  number  of  hidden  neurons.
Given  the  design  sets  and  the  feature  and  topology  selected,  the  last  step  is  to
estimate the model parameters.

The ApproxHull algorithm proposed in [58] is used in this work. to select the data
for training, testing and validation data from the set of available design data. As is
described  in  [58],  the  ApproxHull  is  an  incremental  randomised  approximate
Convex Hull (CH) algorithm that selects the points involving the whole data. It is
suitable  to  high  dimension  data,  dealing  with  the  complexity  of  memory  and
computational  time  efficiently.  These  convex  hull  vertices  obtained  are
compulsorily  inserted  in  the  training  set,  ensuring  the  coverage  of  the  whole
operational  range.

For  feature  and  topology  selection,  a  Multi-Objective  Genetic  Algorithm
(MOGA) is employed in this work. The model design under study is considered
as  multi-objective  optimisation,  with  the  possibility  to  assign  restrictions  and
priorities to each objective. The evolutionary algorithm searches the admissible
space of the number of neurons and inputs - lags for the modelled and exogenous
variables - for the RBF models. For a detailed explanation of MOGA [59], can be
consulted.

A  Levenberg-Marquardt  algorithm  [60,  61]  is  employed  to  determine  the
parameters  of  each  model,  with  the  aims  of  minimising  an  error  criterion  that
exploits  the  linear-nonlinear  relationship  of  the  RBF  NN  model  parameters,
before  being  evaluated  in  MOGA [62,  63].  The  initial  values  of  the  non-linear
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parameters (C and) are chosen randomly, or with the use of a clustering algorithm,
w is determined as a linear least-squares solution. The early-stopping approach is
the  employed procedure  to  the  termination [64],  within  a  maximum number  of
iterations.

The models were developed, in the scope of the MOGA design, with a set of data
divided  into  three  sets:  a  training  data  set,  employed  to  estimate  the  model
parameters, a testing data set, for terminating the training, and a validation data
set,  used  for  performance  comparison  of  the  models  obtained  by  employing
MOGA (considering that it uses multiple objective formulations, its result is not a
singular  solution,  but  instead  it  is  a  set  of  non-dominated  solutions).  The
minimisation objectives employed here are the RMSEs of the training (εtr) and the
testing (εte) data sets, the complexity of the model (O(μ)) and the forecasting error
(εp).  This  forecasting  error  is  obtained  by  summing  the  RMSEs along  with  the
considered  PH  (presented  in  eq.  (13)),  with  p  data  points,  where  D  is  a  time-
series, and E (presented in eq. (14)) is an error matrix (14):

(13)

(14)

MOGA is set to be executed with 100 generations, with a population size of 100,
a  proportion  of  random  emigrants  of  0.10  and  a  crossover  rate  of  0.70.  The
admissible range of neurons varied from 2 to 20, while the admissible number of
inputs vary from 2 to 20.

Data averaged in 15 minutes periods is used here. The goal is to model the total
energy demand and to obtain small RMSE values over a prediction horizon of 48
steps-ahead (12 hours) to be employed, in future works,  in MBPC HEMS. The
lags associated for the modelled variable and the exogeneous variables belong to
three different periods. Period 1 (P1) refers to lags immediately before the current
sample; Period 2 (P2) refers lags centred one day before and Period 3 (P3) refers
to the lags centred one week before the current sample.

Three models for load demand were designed using the Gambelas house data. The
first design considers as exogeneous variables the daily number of occupants (v1)
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and the day encode (v2) representing the position of the day within the week. For a
description of the codification used, please see [65]. For this first model, the lag
periods considered are: P1 [20, 1, 1]; P2 [4, 0, 0]; P3 [4, 0, 0]. This problem deals
with the whole period of valid acquired data, i.e., between January and July 2020.

The second design employs the same exogeneous variables as model 1, as well as
the same lag periods;  the difference lies  on a  smaller  number of  samples  used,
between May and July.

The  third  design  employees  an  additional  exogenous  variable,  the  ambient
temperature (v3). For this third model, the lag periods are: P1 [20, 1, 1, 1]; P2 [4,
0, 0, 0]; P3 [4, 0, 0, 0]. The addition of the ambient temperature, in relation with
the first  model,  aims to assess if  the use of a weather-related variable, together
with the other exogeneous variables, can provide a better prediction performance.
The same period, May to July is considered. Please note that weather-data was
only  available  from  May  on,  which  was  the  reason  why  this  period  was
considered  for  models  2  and  3.

The use of the three models aims to provide two insights: i) between model 1 and
models  2  and 3 the  influence of  the  number  of  samples  on the accuracy of  the
forecasting; ii) between models 2 and 3, the impact on the forecasting accuracy of
the addition of the ambient temperature.

The ApproxHull results are shown in Table 4. As it can be seen, a much larger
number of samples was used in the first design.

Table 4. ApproxHull results for the three designs.

Design Nº Total
Samples

Nº Features Nº Vertices Nº Samples
Training

Nº Samples
Testing

Nº Samples
Validation

1 15215 41 1985 9129 3043 3043

2 6310 41 1544 3786 1262 1262

3 6310 70 1622 3786 1262 1262

After  MOGA  execution,  the  number  of  non-dominated  models  for  the  three
designs was 301, 351 and 422, respectively. Among those models, occupation (v1)
was present in 48, 65 and 165, and the day encodes (v2) was selected in 68, 64 and
63 models.

Given the models within the non-dominated set, one best model was selected for
each one of the problems, and the results for these models are presented in Table
5.
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In this table, ||w||2 denotes the 2-norm of the linear parameters, which is related to
the model condition. The forecasting error, shown in the last column, is computed
in two weeks of data, from 10th July to 24th July 2020.

Table 5. Selected models results.

Model Features Neurons O(μ) ||w||2 εtr εte εva εp

1 16 20 340 641 0.176 0.168 0.178 9.98

2 15 17 272 1509 0.193 0.204 0.191 11.52

3 20 18 378 2173 0.190 0.207 0.202 10.87

As  it  can  be  seen,  model  1  obtains  better  results  than  models  2  and  3,  which
shows  that  the  larger  number  of  design  samples  is  beneficial  both  to  one-ste-
-ahead forecasts (εtr, εte and εva) and to the whole PH (εp). Comparing models 2 and
3,  it  is  evident  that  the  use  of  an  additional  weather  variable,  the  ambient
temperature,  is  beneficial  to  the  forecasting  performance.

Equations (15), (16) and (17) present the selected models for designs 1, 2 and 3,
respectively. Analysing the three models, only model 3 employed the number of
occupants as an exogenous variable. Lags of the modelled variable were chosen
from the three periods, a larger number of lags belonging to the first period, P1. In
the last model (design 3) the ambient temperature also was considerably used.
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The forecasting results for 7 days in July are shown in Figs. (21  to 23), for the
three designs. The top plot illustrates the real values of the load demand, and the
one-step-ahead predicted values; the bottom plot shows the evolution of the scaled
prediction error over the prediction horizon.

As it can be seen, one-step-ahead predictions are very similar between the three
models. From the analysis of the b) plots of Figs. (21 to 23), it is evident that the
error  is  increasing  over  the  prediction  horizon,  as  expected.  But  the  errors
obtained 48-steps-ahead (12 hours ahead) are still small, obtaining values of 0.21,
0.25 and 0.235, for each one of the three models.

The smallest 48-step-ahead RMSE is achieved by model 1, obtained with a date
between January and July. Regarding models 2 and 3, the use of the atmospheric
temperature was beneficial for the forecasting performance.

Fig.  (21).  Design  1  prediction  results:  (a)  target  and  predicted  values;  (b)  scaled  RMSE values  over  the
prediction horizon.
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Fig. (22). Design 2 prediction results: (a) target and predicted values; (b) scaled RMSE over the prediction
horizon.

Fig.  (23).  Design  3  prediction  results:  (a)  target  and  predicted  values;  (b)  scaled  RMSE values  over  the
prediction horizon.
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CONCLUDING REMARKS

It  could  be  seen  in  the  brief  background  information  presented  that  given  the
percentage  of  energy  consumption  of  building  sector  in  the  total  energy
consumption,  it  is  of  fundamental  importance  to  decrease  energy  usage  in
buildings and, simultaneously, maintain the thermal comfort of its occupants. This
can  be  obtained  by  integrating  efficient  passive  solutions  in  the  design  and
construction of buildings,  the employment of  renewable energy,  and the use of
efficient Home Energy Management Systems (HEMS), with a special emphasis
on  the  control  of  existing  HVAC  systems.  A  good  compromise  between
decreasing  energy  consumption  in  buildings  while  maintaining  the  thermal
comfort of the occupants is fundamental in everyday’s life. One of the methods to
achieve this balance is the use of efficient HEMS, especially taking into account
the control HVAC systems. Despite the recent advances in smart grids, IoT, and
advances control algorithms, the use of the suboptimal solution is frequent. With a
view  of  improving  the  current  situation,  this  chapter  discussed  the  impact  of
occupants  on  the  building  thermal  comfort,  HVAC  control  and  home  energy
consumption  forecasting.

The  work  started  by  presenting  brief  background  information  concerning  the
challenges of the building sector, considering the reduction of energy use. Then, it
introduces the fundamental  concepts of thermal comfort  metrics,  with focus on
the  Predicted  Mean  Vote  (PMV).  Subsequently,  the  PMV  computation  was
discussed. As it involves iterative computations, that may consume a considerable
amount of time in the cases where hundreds to thousands of iterations are needed
within a single sampling period. Computational learning methods were used by
the authors, namely Radial Basis Function Neural Networks, to address this issue.
It  was  shown  that  excellent  approximations  were  obtained  with  savings  of  55
times regarding the standard iterative computation.

Following, the work presented results concerning the occupancy estimation and
detection,  and  its  impact  on  thermal  comfort  was  also  discussed.  The  authors
essentially compared the predictive control of a case study in two situations:  i)
one model designed with data with no occupancy in the room, and ii) one model
designed with data obtained during periods in which the room was occupied, in
which the movement signal was incorporated. As it could be seen in the results,
the second model presented a significant improvement concerning the first model
in terms of accuracy and estimated PMV, highlighting the importance of the use
of occupation data in model design.

These models were employed in an intelligent Model-Based Predictive Control
for HVAC system, which minimises economic costs associated with the HVAC
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operation  while  maintaining  the  rooms  in  thermal  comfort,  for  user-defined
periods.

It is also needed to highlight that the economic saving, a very important factor for
the occupants of a building, is just a small example of how electric information
can be used to promote efficient  energy use in  a  building even when manually
operated  by  the  occupant.  As  was  shown  in  this  work,  these  changes  of  the
operation of schedulable devices, together with a better schedule of the inverter,
can, however, be automatically achieved by the use of a HEMS. The automation
of  the  systems  reduces  the  interaction  of  the  occupants  with  the  systems  -
reducing the need of a high level of awareness of how the system should be best
operated and also saving occupants’ time.

The impact of the occupation on electric consumption was also an object of study,
using  data  acquired  from  a  residential  building  located  in  Gambelas,  Faro,
Portugal,  ranging  from  January  to  July  2020.  It  was  found  out  that  no  valid
statistical correlation was obtained between total daily electric consumption and
occupancy.  However,  when  the  correlation  is  computed  between  the
disaggregated electric  consumption of  the building’s appliances and occupancy
data,  statistical  significance  was  obtained.  It  is  also  possible  to  speculate  that
further disaggregating the energy up to the individual appliances would result in
more  significant  correlations.  This,  however,  will  only  be  possible  to  answer
when the NILM methods, the focus of the project in which this work in inserted,
are developed and applied to this data – constituting a future step in the research.
The work also presented energy management measures to obtain better efficiency
on the usage of the solar energy system existent in the house.

The last part of the work evaluated the energy consumption forecasting models
having  as  exogenous  variable  the  daily  occupancy  data.  Three  models  were
simulated. The first (called Design 1) has as modelling variable the total power
demand,  and as  exogenous  variables,  the  daily  number  of  occupants  and a  day
codification  –  that  represents  the  different  days  of  the  week  and  considers
holidays  as  well.  Design  2  has  the  same  characteristics  but  employs  a  smaller
number  of  samples,  also  used  in  Design  3.  The  latter  includes  the  ambient
temperature  on  the  data  set.  The  problems  aim to  provide  two  comparisons:  i)
between  Designs  1  and  the  other  two,  the  influence  of  the  number  of  design
samples  on  the  accuracy  of  the  forecasting;  ii)  between  Designs  2  and  3,  the
impact on the accuracy of the forecasting of adding the ambient temperature to the
dataset.

Designs 1 and 2 considered 41 features, while the third one allowed 70 possible
inputs, the number of occupants being one of those in all the three designs. The
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number  of  non-dominated  models  for  the  three  designs  was  301,  351  and  422,
respectively. Among those models, the occupation was present in 48, 65 and 165
models, which shows that it is a relevant variable when designing forecasting load
consumption models. The results showed that a larger number of design samples
and the use of ambient temperature is beneficial for the forecasting accuracy.
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CHAPTER 5

Detecting  Occupant  Actions  in  Buildings  and  the
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Abstract: The new directive 2018/844/EU on Energy Performance of Buildings and
Energy Efficiency, supports the change of building into smarter, more energy-efficient
and  include  the  perspective  of  the  occupants'  needs.  The  knowledge  of  occupant
behaviour is the centre of the balance between the buildings energy efficiency and its
indoor environmental quality. This chapter presents a state-of-the-art of the buildings
occupant behaviour, presenting the new developments and future trends. It summarises
research in which a series of methodologies were developed to supply relevant data to
the  building  management  systems  (BMS).  These  methodologies  use  a  monitoring
system based on environmental  sensors,  namely relative humidity,  temperature,  and
carbon  dioxide.  New  methods  to  detect  the  occupant  actions  in  the  operation  of
building systems were summarised and compared. The methodologies were based on
statistical tools and machine learning techniques. They can be applied to different case
studies since they can adapt to the local environment under a self-learning strategy. The
drivers of behaviour for the operation of those building systems were also analysed.
Two methodologies that allowed to predict the occupant actions taking into account the
parameters that influenced the occupant behaviour were described. It was also possible
establishing the seasonality of drivers of behaviour. The overall results highlight that
the  actions,  motivations,  and  impacts  of  a  specific  set  of  occupants  performed  in
building systems can significantly vary depending on the room and on environmental
parameters.
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INTRODUCTION

Scope

Nowadays, energy efficiency in buildings is a recurring subject and one way to
reduce  CO2  emissions.  The  2018/844/EU  [1]  directive,  recently  approved  to
update  the  Directive  2010/31/EU  [2]  and  the  Directive  2012/27/EU  [3],
introduced a new concept in the balance between energy efficiency and the indoor
environmental  quality:  the  occupants.  This  new  concept  turns  the  focus  of  the
energy efficiency studies to occupant centric.

Occupant Behaviour

Solar passive methods were the first studies in the energy efficiency of buildings
[4]. These initial studies focused on systems and building components, drawing
attention away from the study of the building occupants [5]. However, in recent
years, it can be observed an increase in studies related to occupant behaviour in
buildings [6].

One  of  the  main  factors  contributing  to  the  increase  of  the  studies  in  occupant
behaviours relies on the fact that occupancy is considered a predominant factor in
the  building  performance  and  one  of  the  main  variables  for  the  exiting  gap
between  the  simulated  and  the  post-occupancy  monitoring  data  [7  -  10].  The
literature studied this effect from different perspectives. The occupant behaviour
studies could be divided into two distinct research fields: the energy consumption
impacts of occupants; and the indoor environmental quality impacts [11, 12].

This research field contains several frameworks, ontologies and reviews. One of
the most cited ontology was written by Hong et al. [13]. According to the authors,
there was a need to create an ontology to organise the research of energy-related
occupant behaviour in buildings. Therefore, the authors divided the studies into
four  categories:  drivers,  needs,  actions  and systems (DNAS) (Fig.  1).  The  first
category groups the works that studied the environmental factors that motivate the
occupants to perform an action that fulfills a need; the second category groups the
studies  where  the  occupants'  requirements  of  the  indoor  environment  of  their
dwelling; the third category compiles the studies on the actions performed by the
occupants with the systems and the fourth category groups the buildings active
and passive components that the occupants operate to fulfil the occupants' needs.
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Fig. (1). DNAS ontology, extracted from [13].

In  order  to  reduce  the  gap  between  the  building  simulations  and  the  post-
occupancy monitoring data, researchers have adopted two different approaches:
the  macro  studies  and  the  room-level.  The  former  has  the  utility  for  city-level
management and creates databases of the occupant behaviour divided into clusters
to provide designers with reliable information for simulation [10]. However, the
latter is more indicated to be used in the BMS that have to consider the occupants'
specificities  to  fulfil  their  needs.  If  the  former  databases  were  employed in  the
dwelling  BMS  without  the  necessary  adaptations  to  the  specificities  of  the
occupants, the occupants' needs would not be fulfilled, and the balance between
occupants  satisfaction,  energy efficiency and indoor environmental  quality will
not be met. Otherwise, if the drivers of occupants' behaviours were studied, the
BMS could  anticipate  the  occupants'  needs  and  better  deal  with  the  occupants'
impacts  on  energy  consumptions  and  indoor  environmental  quality  [14  -  16].
Literature  also  pointed  to  a  great  diversity  of  drivers  for  the  same  occupants'
action [17, 18], which highlights the need to focus on occupants' specificities from
each dwelling [10] or room [19, 20].
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State-of-the-Art

Occupant Behaviour Data-acquisition

The study of the occupants' behaviour could be performed in three different ways:
monitoring, surveys, and laboratory tests [7]. The first kind of studies are the most
common and accepted by the research community [7, 16]. Monitoring the indoor
built environment is generally a non-intrusive and non-destructive technique that
allows data  collection with  reliability.  The other  types  of  methods  to  study the
occupants'  behaviour  tend  to  produce  distorted  and  conditioned  data.  The
laboratory  tests  may  lead  occupants  to  behave  in  a  non-natural  way,  and  the
surveys can be or short and reliable or long and inaccurate [16]. Thus the surveys
can be used complementarily to the monitoring systems. However,  surveys use
alone is not recommendable [21].

As  stated  before,  the  study  of  occupant  behaviour  focused  essentially  on  the
occupants  impacts  on  energy  consumption  and  IEQ  impacts.  Therefore,  the
sensors  measuring  energy  consumption  [22]  and  the  sensors  to  study  the
parameters  of  IEQ  are  often  used  [23,  24].  To  assess  IEQ,  three  types  of
parameters  are  used:  physical;  chemical  and microbiological  [25].  However,  in
residential environments the studies tend to be more simple and focus on carbon
dioxide (CO2), particulate matter (PM) and volatile organic compounds (VOC) or
the total volatile organic compounds (TVOC) [26, 27]. These parameters are the
most  common  for  the  assessment  of  IAQ  [28].  Furthermore,  because  of  the
capacity attributed to CO2 of providing adequate estimations of all other pollutants
related  to  human  bio-effluents  [29  -  31],  CO2  monitoring  is  in  many  cases
conducted without any association of other IAQ parameter [32, 33]. Temperature
(T) is one of the most used sensors to monitor the indoor environment because it
is closely related to the human comfort level [34]. In the same field of studies and,
according  to  Brager  and  De  Dear  [35],  different  levels  of  accuracy  can  be
achieved  in  physical  measurements  linked  to  comfort  parameters.  The  least
demanding category for these studies include at least one sensor of temperature
and  relative  humidity  (RH)  placed  above  the  floor.  Temperature  and  relative
humidity sensors can also be used to detect occupant behaviours [6]. Temperature,
relative  humidity  and  CO2  sensors  are  also  good  indicators  of  occupancy  and
occupant action [6, 36 - 38]. However, specific sensors to monitor occupancy are
becoming  more  frequent  such  as  passive  infrared  sensor  (PIR),  microwave,
ultrasound, video cameras, infra-red cameras, and wearable sensors [21, 39 - 41].

Intelligent Buildings

The magnitude of monitoring systems, and consequently, the big data generated
by these sensors,  imply the  existence of  building management  systems (BMS).
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This  BMS encourages  the  use  of  information  and  communication  technologies
(ICT), that is also being driven by the directive 2018/844/EU [1]. Thus, conditions
were  created  to  improve  the  buildings  abilities,  providing  them  with  the
intelligence of perception of the interior and exterior environmental parameters,
taking  into  account  the  occupants  and  considering  the  requirements  of  indoor
environmental  quality  (IEQ)  to  optimise  the  energy  consumption  (Fig.  2).  To
these improvements take place, the BMS must be gifted with artificial intelligence
(AI). The definition of AI varies among the research community, and according to
Winston  [42],  artificial  intelligence  is  the  computational  study  that  makes
perception,  reasoning  and  action  possible.

Fig. (2).  Intelligent Buildings, focused on occupant behaviour, adapted from [20].

The area of studies of intelligent buildings (IB), although current, is not new. The
beginning of discussions on this topic, at least theoretical, is considered to date
back to the 1980s. The opening of the first world intelligent building was reported

Intelligent 
Buildings
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to be in the beginning of 1984 in Connecticut [43]. It was an office building called
“Cityplace”. The building had a useful area of about 0.12 km2. In this first case,
the building's intelligence comprised many functions that a single computer could
control. This building had a fibre optic network connecting the equipment of the
following  systems:  lighting,  fire  protection,  transportation,  security,  heating,
ventilation, and, above all, telecommunications and electronic office services [44].
A few months later, the concept of the IB evolves to artificial intelligence (AI).
This  new  concept  of  the  future  IB  described  buildings  with  the  capacity  of
thinking for themselves. On May 13, 1984, the same newspaper wrote an article
describing the concept of a new generation of buildings capable of thinking for
themselves.  This  future  building  would  have  the  capacity  of  controlling  some
systems accordingly to the habits learned from the occupants [45]. The definition
and  field  of  application  of  the  EI  followed  this  initial  vision,  and  constant
evolution is happening. This new kind of building is linked with the ICT which
are  in  constant  revolution.  Thus,  the  definition  of  an  intelligent  building  is  not
unique  and  transversal  to  all  research  groups.  In  a  review of  2002,  the  authors
Wigginton and Harris [46], found nearly 30 definitions for IB. The evolution of
the  IB  evolves  from the  simple  inclusion  of  technology  in  the  buildings  to  the
inclusion  of  AI  and  the  need  to  interact  and  fulfil  the  occupants'  requirements
Wong,  et  al.  [47].  Several  researchers  are  currently  criticising  the  use  of
technology,  per  se.  The  IB  concept  in  office  and  commercial  buildings  is
currently  well  disseminated;  however,  its  application  is  only  beginning  in
residential buildings. This difference relies on the fact that office and commercial
buildings,  in  general,  are  constituted  by  large  open  spaces  with  many
occupants/users  that  have  heterogeneous  requirements  not  able  to  be  fulfilled
entirely. Thus it is necessary to control the indoor environmental quality centrally.
Furthermore, in office and commercial buildings, the occupancy is well defined in
time and number. At home, the IB need to fulfil the specificities of the occupants
and  learn  with  them.  Only  the  recent  technology  and  big  data  analysis,  and
machine  learning  techniques  enable  these  features.

Summarising

The concept of IB has to be linked with technology and automation in buildings.
However,  the  automation  of  the  IB  needs  to  be  driven  by  the  occupants'
requirements in the most efficient way. The concept of an IB is also linked with
the  use  of  “intelligence”  is  the  other  stages  of  the  building,  starting  with  an
intelligent  design,  focused  on  passive  strategies  to  achieve  energy  efficiency.
Thus,  the  concept  of  an  IB  is  associated  with  the  saving  of  resources  without
neglecting the IEQ.
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Digital Twins

Linked with the thematic of the intelligent buildings, the recent introduction of the
fourth revolution (widely known as “Industry 4.0”) to the industry of architecture,
engineering  and  construction  (AEC),  brought  the  term  “digital  twin”  (DT).
According to the scientific literature, the term “digital twin” was used in 2010 by
NASA.  Digital  twins  are  platforms  capable  of  merging  physical,  digital  and
biological  worlds  (Sebastian  et  al.  2018).  The  general  concept  of  a  DT  is  the
creation of a digital  replica of the real  building. To that be accomplished, real-
time data is used in order to assure the constant update of the real building in a
digital way. In AEC industry, this concept is typically connected with Building
Information  Modelling  (BIM),  monitoring  systems,  building  simulation,
knowledge discovery from databases (KDD), and the Internet of Things (IoT) [48
-  50].  The  deployment  of  the  DT  can  then  encompass  numerous  tools  and
technologies, and in literature, there are different frameworks for the creations of
a DT [51 - 55]. One of the most recent reviews in this research field considers the
existence of three technology architectures of the DT: data related, high-fidelity
modelling,  and  model-based  simulation  [51].  This  work  considers  the  former
perspective as the base technologies of the DT, the second the core and the latter
an important technology (Fig. 3).

Other comprehensive data-driven approaches were adopted by Blume, et al. [55],
which uses  the  Cross  Industry  Standard Process  for  Data  Mining (CRISP-DM)
concept. CRISP-DM approach comprises three main steps: defining requirements;
creating the digital twin, and deploying the digital twin (Fig. 4). The second step
comprises probably the most challenging part of the DT and comprises the KDD.
This second phase included handling the big databases created by the monitoring
systems  massively  applied  in  the  buildings.  There  is  a  need  to  treat  and
understand the data, and model them to predict and anticipate future events. In the
third  phase,  DM  results  are  comparatively  evaluated,  and  visual  analysis  is
submitted  to  the  managing  entity  take  actions.

As  said  before,  of  the  most  complex  phases  of  a  digital  twin  comprises  the
knowledge  discovery  from  databases  (KDD).  The  main  base  of  the  KDD  is
known  as  data  mining  (DM),  which  consists  in  the  analysis  of  an  extensive
database,  in  order  to  be  able  to  observe  non-obvious  relationships  between  the
data, thus giving unique, interpretable and potentially useful information. For the
task of DM, the knowledge to be extracted can be obtained in two ways: one in
which the analyst helps the system to build the model by defining the classes and
the examples in each category; another in which the inductive learning of pattern
extraction is not supervised, being carried out based on observation and discovery,
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classes  are  not  defined,  having  the  DM  system  to  observe  and  recognise  the
patterns  by  itself.  It  is  usual  to  refer  to  DM  as  having  two  types  of  analysis:
forecast and description [56].

Fig. (3).  Technology architecture for digital twin, extracted from Liu, et al. [51].

The description methods characterise the general properties of the constituent data
of  the  database,  pointing  out  the  interesting  characteristics,  while  in  the
forecasting  methods,  inferences  are  made  about  the  available  data,  as  well  as
predictions  about  other  variables  or  the  behaviour  of  new  data  sets.  In  data
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mining,  machine  learning  (ML)  techniques  and  artificial  intelligence  (AI)  are
commonly used to create numerical models. In the present chapter, the ML and AI
models are related to occupant behaviour.

Fig. (4).  Workflow based on the CRISP-DM approach extracted from Blume, et al. [55].
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Machine Learning Techniques Used in Occupant Behaviour

In  buildings,  machine  learning  techniques  can  be  used  to  model  occupant
behaviour. In the present chapter, it will be used to recognise human activities and
drivers  of  behaviour.  In  buildings,  machine  learning  techniques  start  with  the
recognition  of  human  activities.  The  techniques  can  follow  different  models,
including normally: generic algorithms [57 - 59], linear and logistic regressions
[20, 60, 61], hidden Markov models (HMM) [37, 62 - 66], and decision trees [67 -
69].  However,  machine  learning  has  many  techniques  to  predict  occupant
behaviour  [6,  60,  70  -  77].

The change point analysis (CPA) is a statistical tool that detects abrupt changes in
time series. This tool can detect the shifts in time and in number. The applicability
of CPA is wide, being applied to many scientific fields such as medicine, geology,
meteorology, literature, traffic, finance, genetics, finance, buildings, among others
[78 - 81]. The CPA is explained in statistics as a change of a previously followed
distribution.  According  to  Chen  and  Gupta  [80],  the  CPA  has  two  challenges:
first, the tools have to prove the hypothesis of having a change in the distribution
of the time series; and secondly, to find that change in time, if any change exist. In
CPA literature, this is known as the “change point detection problem” [78]. The
CPA can be performed under two different circumstances:

Online – when the time series has not stopped to be filled and are continuously●

being  incremented.  The  reason  why  this  type  of  analysis  is  also  known  as
incremental. In this way, the new data as to be analysed as a potential cause of
the abrupt shift from the previously followed distribution. This kind of analysis
is frequent in many fields such as signal processing, traffic, quality control and
indoor built environment [71, 82, 83],
Offline – when the time series are not growing anymore, and the entire dataset is●

at the disposable to be mined in a retrospective way.

The CPA starts with the test of a model that the operator chooses to fit the time
series distribution. In CPA, there are different models to be used in the adjustment
of the time series. This research field considers the most common models in CPA
as being the: linear regression change, variance change, and mean change (or the
last two at the same time) [80, 84] (Fig. 5). However, one of the difficulties of the
process  is  to  have a  time series  distribution with no hypothesis  of  change.  The
CPA is also considered too rigid, which makes it not always compatible with the
task of finding changes in time series [79].  The best  model selected to fit  each
time  series  has  been  approached  by  some  researchers  that  formulated  their
methodologies [79, 80, 84]. However, the rules established by these authors are
not considered generically applicable because they depend on some factors that
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are not known prior to the CPA [85]. Therefore, it is the operator's task to choose
the  model  to  fit  the  dataset  and  calibrate  it  based  on  the  graphical  analysis  or
comparing  the  change  of  the  data  series  with  previous  changes  where  there  is
knowledge  of  the  occurrence  of  an  event  [70].  Although  these  limitations  are
pointed to the method, Guralnik and Srivastava [78] defend that the CPA tool is
an efficient, repeatable, and consistent way to detect abrupt shifts in time series.

The application of the CPA in buildings is not comprehensive, but some studies
are already using it in the research field of occupant behaviour. Occupancy was
detected by the authors’ Szczurek and Maciejewska [86] using time series of CO2
concentrations, and the authors,  Li and Dong [81],  used the CPA tool to detect
changes  in  an  occupancy  presence  distribution  given  by  motion  sensors.  The
study of [70] differs from the two above because the authors use the CPA tool to
find occupant actions instead of occupancy.

Fig. (5).  Examples of a change point in the mean (left) and the variance (right), extracted from [70].

Other  techniques  could  be  used  to  detect  abrupt  changes  in  a  dataset.  In  the
industry,  these  techniques  are  used  to  predict  and  anticipate  failures  based  on
some abnormal behaviours. These techniques to detect early failure are commonly
known as an anomaly, novelty, and outlier detection [75]. Statistical analysis is
among the most simple and also effective technique to detect abrupt changes [6].
The analysis is based on the fact that abnormal behaviours trying to be discovered
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correspond to a data set outliers. Therefore, assuming a Gaussian distribution, this
method identifies the values with low probability as outliers. The method of the
boxplots stands out to determine the outliers of a data set because of its graphical
representation [6]. This method was used by Tukey [86]. In this work, the author
found that 99.3% of the data were found within a defined interval. This interval
was  defined  between  Q1−1.5  IQR  and  Q3+1.5  IQR.  IQR  was  set  as  the
interquartile range between quartile 1 (Q1) and quartile 3 Q3 (Q3-Q1). Therefore,
the values out this interval (above and bellow) are considered extreme values -
outliers.

The  self-learning  algorithm  proposed  by  Pereira,  et  al.  [6]  was  specially
developed to detect  occupant actions in buildings.  This algorithm is  capable of
detecting the most appropriated parameter to detect occupant actions in buildings.
It relies on the condition that the occupant actions that are set to be detected cause
the outliers (extreme values) of the monitored data series. Therefore, the extreme
values  of  that  parameter  correspond  to  the  exact  moment  that  the  occupant
performed  an  action.

Fig. (6).  Box plots representing the methodology do detect actions from data series, extracted from [6].
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Fig. (6) represents the basis of this methodology graphically. The box plot on the
left corresponds to the monitored data relative to the variation of the parameter P
(water vapour pressure) between two sequential monitoring instants (10 min). The
box  plot  on  the  right  corresponds  to  the  data  obtained  after  an  action  being
performed  by  the  occupants.  As  it  can  be  seen  in  Fig.  (6),  in  this  case,  the
maximum  value  (percentile  100  –  P100)  of  the  parameter  of  the  right  box  plot
corresponds  to  the  percentile  1.5  (P1.5)  of  the  total  monitored  dataset.  The
methodology includes a complex flowchart used to determine the best parameters
to detect each occupant actions. This methodology relies on indexes following the
confusion matrix to validate the parameters as drivers to detect occupant actions.

Fig. (7).  Simple structure of a decision tree, extracted from [91].

Another tool available in data mining is the decision tree [87]. Decision trees are
flowcharts used to classify models graphically in supervised approaches (Fig. 7).
The representation is simple and could metaphorically be compared to a tree [67,
76, 87 - 90]. A decision tree comprises nodes and paths that can be metaphorically
described as one root, branches and leaves [88, 89]. Between the branches/paths
are  internal  nodes  that  correspond  to  the  predictor  attributes.  The  number  of
branches  following  a  node  corresponds  to  the  possible  values  of  the  predictor
attribute.  Therefore,  the  branches  divide  the  sample  in  different  ways
(classifications).  The  division  promoted  by  the  branches  from the  root  and  the
subsequent  internal  nodes  to  the  final  leaves  assures  the  classification  of  the
sample. Therefore, a decision tree is drawn from the root downwards. The root is
the most determinant predictor attribute. Constructing a decision tree model could
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be divided into a two-step process (Fig. 8): the learning step; and the classification
[89]. A data set is used in the learning process, where the attributes and actions
are  known  [67].  The  data  set  used  to  train  the  model  could  have  some
incoherencies, and thus, the relevance of each attribute for the resulting action is
taken  into  account.  This  process  is  controlled  by  a  training  subset  and  a  test
subset. Then, the decision tree algorithm generates a decision tree that can classify
other data sets. Thus, the goal of a decision tree model is to attribute labels from a
data  set.  In  this  sense,  a  decision tree  model  is  useful  to  predict  the  value  of  a
target attribute (label attribute), taking into account a data set of input attributes
(predictor attribute).

Fig. (8).  Procedure of decision tree generation, extracted from [89].

The classification model is based on a machine-learning algorithm. The first two
algorithms  are  known  as  ID3  and  CART.  These  algorithms  were  developed
independently  by  different  authors  and  constituted  the  fundamental  basis  of
further  studies  in  this  research  field.  The  ID3 algorithm was  further  developed

Splitting dataset into 
training data and test data

Analysing training data by a decision tree 
algorithm and generating decision tree

Estimating the accuracy of obtained 
decision tree using test data

Applying decision tree to future data

Identifying reasons 
and finding solutions

Accuracy is considered 
acceptable?

N

Y

Classification

Learning

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



152   Occupant Behaviour in Buildings: Advances and Challenges Pereira and Ramos

into the C4.5 algorithm by the same author [92]. Between the three decision tree
algorithms, the C4.5 has two advantages: compared to CART, it works better with
continuous  attributes,  and  compared  with  ID3,  it  does  not  have  the  over-fitted
problem of the ID3 algorithm [91]. One of the differences between the C4.5 and
ID3  algorithms  relies  on  using  the  information  gain  ratio  as  the  standard  of
attributes  selection  rather  than  the  information  gain  used  by  the  ID3 algorithm
[91]. The information gain ratio is calculated for the selection of every node. This
operation guarantees the selection of the attribute of the data that most effectively
splits its set of samples into subsets which occurs with the attribute corresponding
to the maximum information gain ratio. According to the literature [91, 92], the
draw of a decision tree using the C4.5 algorithm can be divided into four parts:

1 – Calculation of the information carried by the distribution (Entropy of sample
P)

(5)

where pi is the nonzero probability that an arbitrary attribute in P , and m is the
number of classes of the sample.

2 – Calculation of the split Entropy of sample data set P

The amount of information still needed after splitting is given by:

(6)

where acts as the weight of the ith subset of the sample P, and Entropy (Pi) is the
information  required  to  classify  the  attribute  of  the  sample  P  based  on  the
partitioning  caused  by  the  attribute  A.

3 – Obtaining the information gain of attribute A

The information gain of attribute A is determined as a way to test if the selected
attribute A can reduce overall Entropy:

(7)

In practice, the objective of the algorithm is to split the sample with the attribute
(A) that would best classify the sample, and therefore, the amount of information
still needed to finish the classification of the sample P is reduced (lower). Thus,
the higher better the attribute and lower the entropy.
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4 – Calculate the information gain ratio

This  step  is  the  main  difference  between  C4.5  and  ID3  algorithms.  C4.5
introduces  a  split  information  value:

(8)

This value represents the potential information generated by splitting the training
data set, P, into n partitions, corresponding to the n outcomes of a test on attribute
A.

Then the gain ratio of the attribute A is defined as:

(9)

The  finding  of  each  node  of  the  decision  tree  is  based  on  this  procedure.  The
attribute that maximises the gain ratio is designated to the considered node to split
the  sample.  This  procedure's  continuous  execution  divides  the  sample  P  into
several  subsets  until  no  more  information  is  needed  to  classify  the  sample.

Literature attributes good accuracy to the classifications of a sample given by a
decision  tree  [92].  However,  depending  on  the  dataset,  some  paths  could  have
faulty values due to noise or outliers of the sample and training data.

In  the  buildings  sector,  the  decision  tree  algorithm  has  been  used  to:  discover
occupancy patterns in office spaces [87]; predict residential energy demand [93];
model activities of daily living [69]; analyse and rank the relationships between
human factors and environmental conditions, and IEQ satisfaction [94]; analyse
the human and spatial factors of the clusters (residential rooms) formed following
IEQ attributes [19].

Detecting occupant actions is important in the way that a BMS needs to know the
occupants' behaviour, but the main purpose of this knowledge is to predict their
actions and needs. It is important to discover the occupants' drivers to behave to
anticipate the occupants' impact on energy consumption and IEQ [14 - 16]. The
literature pointed to a great diversity of drivers for the same occupants' action [17,
18].  Nevertheless,  only  a  few research  works  had  a  small  scale  approach  [10].
Furthermore,  if  it  is  intended  to  have  BMS  capable  of  managing  the  homes
accordingly  to  their  occupants'  requirements  [18].  Therefore,  the  focus  of  the
studies should be on the specificities of the occupants from each dwelling [10] or
room [19, 20].
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Some  studies  used  linear  and  logistic  regressions  to  analyse  the  relationship
between  the  actions  and  their  drivers  [95].  The  authors  Stazi,  et  al.  [95]
highlighted the use of logistic regressions when there is more than one potential
driver to be correlated with an action. The study developed by Huchuk, et al. [60],
compared  different  machine  learning  techniques  used  to  predict  residential
buildings occupancy. The results highlighted logistic regressions as being among
the  simplest  and  more  accurate  ML techniques.  One  of  the  first  authors  to  use
logistic  regressions to correlate  occupant  actions with potential  drivers  was the
author  Herkel,  et  al.  [96].  The  author  used  the  “logit-function”  previously
developed by Nicol [97] to link the action of windows opening with the outdoor
temperature.  More  recent  studies  [41]  used  logistic  regression  to  associate  the
windows  operations  with  the  occupants'  drivers  to  perform  that  action.  The
logistic regressions were also used by Park and Choi [98] to model and predict the
behaviour of occupants. The predictions were used in the BMS, optimising it [99].
In work performed by Pereira, et al. [20], logistic regressions were used to model
some occupant action in the residential environment. The results highlighted that
one action was correlated to different drivers depending on the season. The same
action  had  different  drivers  on  each  room from the  studied  flat.  Therefore,  the
actions  logistic  regression  model  created  in  one  room  did  not  predict  with
accuracy  the  same  action  in  a  different  room  from  the  same  flat.

The  result  of  a  logistic  regression  represents  the  probability  of  a  given  event
occurs. Therefore, the regressions assume results within the range 0 to 1. One of
the advantages of the logistic regressions compared to other ML techniques is the
easiness  of  analysing  the  results,  mainly  the  extremes  (0  and  1)  [60].  Another
advantage of this ML technique compared to linear regressions relies on how the
logistic regressions could be performed on datasets not normally distributed and
constituted  by  binary  series  [100].  The  “logit-function”,  indicated  in  equation
(10), developed by Nicol [97], can be used to calculate the probability distribution
of a particular event.

(10)

Where P(Ai)  is  the  probability  of  occurrence of  action i  (Ai),  α  is  an intercept-
related function constant, β is a slope-related function constant, and Xi (i=1,…,n)
are the independent variables of the function.

Other  techniques  can  be  used  to  correlate  occupant  actions  and  the  potential
drivers of behaviour. The Pearson correlation coefficient (PCC), also known as
Pearson's ρ, is a statistical tool that uses linear correlations between two variables.
The PCC range between -1 and 1. The positive part of the range indicates positive
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linear  correlations,  and  the  negative  part  indicates  negative  linear  correlations.
While the use of PCC is discouraged if the variables are categorical, Spearman's
rank correlation coefficient (SRCC) can be used. Furthermore, if the dataset does
not pass the normality test of Kolmogorov–Smirnov and Shapiro–Wilk, the use of
PCC is not recommended, but the SRCC can be used [101]. In statistics, SPCC or
Spearman's  ρ,  is  a  nonparametric  measure  of  rank  correlation.  It  assesses  how
well the relationship between two variables can be described using a monotonic
function. The values of the Spearman correlation coefficient take the same values
as the Pearson correlation coefficient. However, while SPCC evaluates monotonic
relationships (that could be linear or not), PCC test linear relationships.

The value of the Spearman coefficient (ρ) is given by equation (11), accordingly
to Hollander, et al. [102].

(11)

Where: n – is the number of pairs (xi, yi), and di the difference between the posts
xi and yi.

While  the  interpretation  of  the  extreme  values  of  Spearman  and  Pearson
correlation  coefficients  is  easy,  the  qualitative  analysis  of  the  values  between
those  extremes  is  not  so  obvious.  Therefore,  Hinkle  et  al.  [103]  created  a
classification  of  the  coefficients  that  can  be  found  in  Table  1.

Table 1. Quantitative classification of Spearman and Pearson correlation coefficients, adapted from
[104].

Correlation Coefficient Qualitative Classification

± (0.9 to 1.0) Very high correlation

± (0.7 to 0.9) High correlation

± (0.5 to 0.7) Moderate correlation

± (0.3 to 0.5) Low correlation

0.0 to ± 0.3 Negligible correlation

The  correlations  coefficients  of  Pearson  and  Spearman  were  used  in  the  built
environment mainly to correlate spatial and human factors with IAQ [104, 105],
energy  consumptions  [106,  107],  health  conditions  [108,  109]  or  productivity
(service  buildings)  [110,  111].  In  literature,  few studies  of  occupant  behaviour
were found using the correlations coefficients of Pearson or Spearman. One of the
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few  studies  found  correlates  the  household  characteristics  and  occupants'
behaviour with the impact on energy consumption [112]. Another study used the
PCC  to  find  the  drivers  of  the  occupants'  behaviour  in  a  green-certified  office
building  relative  to  the  blind  operation  and  the  frequency  of  those  operations
[113]. Pereira and Ramos [18] used the Spearman rank correlation coefficient to
find the drivers for occupants operation of windows and roller shutters in different
compartments of the same flat.

Gap and Objectives

The  digital  twins  (DT)  constitute  a  tool  with  great  potential  for  application  in
future buildings as the main platform of the BMS. The perspective is that the DT
will  be  the  future  IB  brain,  reducing  the  energy  consumption  in  buildings  and
respecting the occupant needs and the thresholds defined by the literature to the
IEQ. Machine-learning techniques should be developed and adapted to buildings
to  endow  the  DT  with  AI.  The  literature  has  compared  machine-learning
techniques [60,67,73], but some techniques were not thoroughly studied or need
to be compared to  others  to  test  their  accuracy [79,  114].  In  this  chapter,  three
different  machine-learning  techniques  to  detect  occupant  actions  in  the  same
dwelling  are  summarised  and compared  to  each  other.  The  drivers  to  occupant
behaviour is also introduced with two different approaches.

MATERIALS AND METHODS

An in-situ data acquisition campaign needs to be prepared in advance to prevent
problems  from  occurring.  The  indoor  built  environment  research  field  has
identified  the  most  common  errors  in  data  acquisition  campaigns  in  inhabited
buildings  [115].  The  authors  Hnat  et  al.  [115]  compiled  a  list  of  the  main
problems  encountered  during  ten  different  studies,  involving  about  twenty
buildings:  power  supply;  wireless  network  access;  availability  of  systems  for
home use with a large number of sensors; and various problems linked with the
occupants (changes in the layout of the monitoring systems, the collaboration of
the occupants concerning surveys, permission to carry out visits and restrictions
on the  placement  of  sensors  due  to  aesthetic  changes).  The authors  proposed a
series of checks to avoid the successive occurrence of errors [115]:

Verify the connections between each system/subsystem,●

Verify the connections with the data storage,●

Verify the data extraction at a defined time step,●

Stipulate a minimum communication frequency for all sensors,●

Verify the extreme and mean measured values when extracted,●
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Ensure uniformity in the sensor data and time,●

Ensure that there is sufficient storage space.●

The  main  in-situ  data  acquisition  campaigns  are  based  on  two  main  types:
monitoring systems and interviews or surveys. In general,  the use of sensors to
measure the occupancy of occupants and their actions in the operation of housing
and interactions with the building envelope is  considered preferable [116].  The
indoor environment parameters and the outdoor parameters from meteorological
stations are also used in studies of user behaviour [21].

In the following sections, the main resources used in this work will be presented,
namely:

Case study,●

Monitoring system,●

Surveys carried out,●

Software used.●

Case Study

The case study used in this  work corresponds to a flat  in a  residential  building
located  in  the  northwest  of  Portugal.  This  flat  is  located  about  6  km  from  the
Atlantic Ocean (Fig. 9). The building has five floors above ground, with the study
apartment located on the fourth floor. The studied flat has superior and inferiorly
similar occupied flats.  The flat has glass windows facing north, south and east.
The building envelope consists of a double masonry wall with 2 cm of thermal
insulation  and  an  airbox  between  the  masonry  panels.  The  facade  cladding  is
made of natural stone, which is part of a ventilated facade. The exterior glazing
consists of double frames with roller shutters inside. The building airtightness was
measured  by  means  of  a  Blowerdoor  model  EU-1000  from  Retrotec,  and  the
ACH50 is 3.17 h-1. The flat had a centralised mechanical extract ventilation (MEV)
with  air  grills  in  bathrooms and the  kitchen.  The air  is  admitted  mainly  due  to
windows permeability because the are no specific air  inlets in the façades.  The
users can manually regulate the air vent grills located in the bathrooms an in the
kitchen. The flat general characteristics can be found in Table 2.

Table 2. Dwellings' general characteristics.

Compartment
Floor Area Windows Area Volume Windows

Orientation
Type of Occupancy

(m2) (m2) (m3) - -

Dining room (DR) 37.95 11.5 97.53 S Occasional
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Compartment
Floor Area Windows Area Volume Windows

Orientation
Type of Occupancy

Living Room (LR) 13.94 2.1 35.83 N Daily

Kitchen (K) 14.95 4.8 36.63 S Daily

Main Room WC (W1) 4.92 0.5 12.64 E Daily

WC 2 (W2) 4.96 0.5 12.74 E Occasional

WC 3 (W3) - - - - Occasional

Main Room (R1) 18.27 10.1 46.95 S and E Daily

Room2 (R2) 14.59 2.1 37.50 N Rarely

The flat was studied for more than two years in normal occupancy conditions.

Data Acquisition Strategy

In this study, two different methods were used for data acquisition: Monitoring
system and surveys. A monitoring system was installed inside the apartment with
T,  RH  and  CO2  sensors  and  data  from  a  weather  station  located  close  to  the
apartment under study (≈ 400 m) was used. The occupants registered in a daily
journal their actions and the occupancy.

Monitoring System

The rooms R1, R2, K, W1, W2, DR, and LR were monitored. Temperature and
relative  humidity  sensors  have  been  distributed  to  cover  transversal  and
longitudinal profiles of the rooms, according to the recommendations of ISO-7726
[117]. Sensors were placed to avoid abnormal values caused by the direct sunlight
within the four seasons. The CO2 sensors were placed in the breathing zone (0.75
and 1.80 above the floor) of the case study, according to ASHRAE-62.1 [118].
The  recommendation  of  putting  the  sensors  0.6  m  away  from  walls  was  not
possible  in  all  the  cases.  The  precipitation,  solar  radiation,  wind  direction  and
velocity,  temperature  and  relative  humidity  were  also  obtained  from  a  local
weather station. The weather station's equipment is from the manufacture Davis,
model Vantage Pro 2 Plus, and is located at approximately 400 m from the case
study [119].  In the north façade and south façade balconies,  T and RH sensors
were also placed to produce redundant information. The sensors specifications can
be  consulted  in  Table  3.  The  temperature  and  relative  humidity  sensors  were
programmed  to  acquire  data  every  10  minutes,  while  the  CO2  sensors  were
programmed to  record  data  every  30 seconds.  The monitoring campaign lasted
two years.

(Table 2) cont.....
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Fig. (9).  Case study, images extracted from Google maps.

Table 3. Main characteristics of used equipment.

Sensor
Model

Parameter Precision Range Time Response Resolution

HOBO
UX100

Temperature ±0.21ºC – 0ºC to
50ºC -20ºC a 70ºC 4 min – 90% 0.024ºC at 25ºC

Relative humidity ±2.5% – 10% to
90% 1% a 95% 11 seg – 90% 0.05% at 25ºC

Telaire
7001 CO2

±50 ppm or 5%
measured (the

biggest)

0 a 5000ppm
(cable adaptation) 1 min – 90% 1 ppm

 
Surveys

Surveys were used to complement the monitoring campaign. The occupants were
requested  to  fill  surveys  in  a  daily  base  registering  the  data  and  time  of  the
following  actions/states  were  registered:
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State of occupancy,●

Window operation,●

Operation of roller shutters,●

Showering,●

Cooking,●

Use of heating.●

In the first year, it  was decided to ask the occupants to complete a daily filling
survey throughout the year. However, it was found that daily journals tend to be
the same, and no great changes were found within the year. The reason was that
the occupants  were displeased with the excessive workload that  these inquiries
entailed  and  failed  to  fill  them  accurately.  Thus,  in  the  second  year,  it  was
requested to be filled a full month representative of summer and winter. Between
the first year of surveys and the second, there was a spacing of 5 months.

Software Used

To  program  and  download  the  data  from  the  Monitoring  System,  the  specific
programs of the equipment were used.

Microsoft Excel was used as the fundamental base of work for the database, and
IBM's SPSS was also used for statistical treatment in addition to Microsoft Excel.

To  identify  occupant  action  in  section  “Detection  of  Occupant  Actions”,  an  R
package  from  the  software  RStudio  was  used.  The  R  package  used  is  called
“changepoint”.

To  construct  the  decision  tree  of  section  “Detection  of  Occupant  Actions”  the
open-source data mining software RapidMiner was used.

Detection of Occupant Actions

In this section, three machine learning techniques applied to the case study will be
compared.  All  the  techniques  were  used  to  detect  occupant  action  based  on  a
dataset composed of time series. In the first part of this section, a change point
analysis (CPA) is described. In the second part, an outlier method is shown, and at
last, a decision tree method will be used.

Change Point Analysis (CPA)

In  work  detailed  in  [  70  ],  the  authors  proposed  a  methodology  based  on  the
statistical tool CPA to detect occupant action in buildings based on the time series
of the indoor environmental  parameter.  Five steps comprised the methodology.
The  first  step  corresponded  to  the  data  collection  of  monitored  indoor
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environmental parameters: T, RH and CO2. The second step was based on the use
of  the  R  package  to  detect  abrupt  changes.  The  third  step  was  to  compare  the
software change points with the real action occurrence based on the surveys and
reed switch sensors. This comparison was made in only 8% of the total monitored
time.  The  fourth  step  comprised  the  interactive  calibration  process  of  the  CPA
model,  in  the  software,  based  on  the  two  indexed  results.  The  last  step  is  a
refinement criterion that was only applied to the CPA models that were validated
in the step before. This criterion reduced the detections of false-trues actions. The
software  detected  the  same  occupants'  action  consecutively.  Thus,  the  authors
applied a minimum distance between change points in order to the software the
same occupants' action has many change points. An example of the result of the
application of the methodology can be seen in Fig. (10). As can be seen, although
there are five false-negatives (red dashed line), only one action was not detected.
Four of the false-negatives have in the proximities a false-true. This corresponds
to the same action of windows opening that was too early detected (considering
the accuracy proposed for the methodology of ± four-time steps that correspond to
2 minutes  with  the  CO2  parameter)  from its  register  in  the  survey filled  by the
occupants. These errors could be made in the surveys and not in the CPA model.
The only action not detected by the CPA was the one near midnight on day 22.

Fig. (10). Result of the CPA methodology to detect windows opening in one month, adapted from [70].

The methodology proposed was applied to detect the action of windows opening
in  two  rooms,  showering,  cooking  and  heating.  The  methodology  lead  to  high
accuracies; however, the methodology had two possible could have two types of
errors: the false-negatives and the false-positives. The two indexes developed by
the authors, index A and index B, detect these errors. Running the CPA software
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in all the data available (one year), the change point analysis was able to detect
the occupant  actions of  windows opening with an accuracy of  97%, showering
with an accuracy of 97%, heating with an accuracy of 100% and cooking with an
accuracy of 85%.

Fig. (11). Flowchart of the methodology proposed in [6], extracted from [6].
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New Technique Based on the Outlier Detection

In work detailed in [6], the authors developed a methodology to detect occupant
actions in buildings based on an adaptation of the standard outlier detection from
time series. This method is based on the principle that occupants' actions promote
considerable  changes  in  the  indoor  environmental  parameters.  These  changes
correspond  to  the  extreme  values  of  the  monitored  indoor  environmental
parameters distribution. Three steps compose the methodology. The first is for the
creation  of  the  databases  needed  for  the  model  from  the  monitoring  data.  The
second step is the iterative process of running the algorithm created (Fig. 11). In
this step, the parameters that could be triggers for the action to be detected are set
(or  not  if  there  are  no  parameters  available  that  could  be  used  to  detect,  with
accuracy, the intended actions). The third step is to run the algorithm to the entire
data.  The  authors  Pereira  et  al.  [6]  applied  the  method  to  detect  the  actions  of
windows opening in two different rooms of the same flat, showering, cooking and
heating.  The  accuracy  of  this  methodology,  calculated  accordingly  to  the
confusion  matrix  [120],  is  very  high  (>  99.7%).

Decision Tree

The decision tree was used to discover the parameters that could be predictors of
the actions intended to be discovered. In this case, only the actions of windows
opening were targeted for detection.

Fig. (12). Methodology used to detect actions using decision trees.
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The methodology to have the decision tree is based on three steps (Fig. 12). The
first step comprises the pre-processing operations used to delete the faulty values
and  create  the  database.  The  second  step  is  a  very  intuitive  procedure  as  the
software Rapidminer is creating nodes according to the restrictions placed on the
software and the parameters introduced in the database. In the present study, the
“gain  ratio”  criterion  was  used  (C4.5  algorithm).  The  potential  for  obtaining
reliable results increases with the placement of a low “confidence” and without
restricting the number of nodes (“maximal depth” equal to -1). In this step, the
model is trained with a few percentages of data were the actions are known. One
year of data was used in the present case, and one month (approximately 8%) was
used to train the model. The idea is to classify the model based on one month and
then apply the decision tree rules to the entire data (one year). The decision tree
created for the operation of the window of room R1 and room LR is presented in
Figs. (13 and 14), respectively. In the third step, the Rapid miner's decision tables
were used to classify the accuracy of the model.

For room R1, the accuracy was 87.7%, and for room LR, the accuracy was 96.7%.

Comparison Between Methodologies of Occupant Actions Detection

There are many ways of calculating the accuracy of a model, which difficult the
comparison between them. The accuracy calculation accordingly to the confusion
matrix reference [120], the true-negatives are considered. In a time series, with
data logging intervals of 10 minutes and action occurring once or twice a day, if a
methodology does not have too many problems identifying the true-negatives, the
accuracy is automatically very high even if no true-positive is found. Because of
that, the author of [70] and [6] stated the indexes A and B. Therefore, comparing
the mean values of the two indexes for the same action detections from the three
methodologies,  the  CPA  had  the  best  performance,  followed  by  the  new
methodologies adapted from the outlier technique and, at last, the decision tree..
However,  the  methodology  using  the  decision  tree  had  high  accuracies  with
values  of  87%  in  one  room  and  97%  in  another.

Detection of the Drivers of Occupant Behaviour

Spearman's Rank Correlation Coefficient

The work developed in detail in the study [18] developed a methodology to find
the  motivation  behind  residential  buildings  occupants.  Spearman's  rank
correlation coefficient was used to hierarchise the motivations by importance and
influence  on the  occupant  actions.  The authors  applied  the  methodology in  the
actions  of  windows  opening  (in  five  rooms  from  the  same  flat)  and  in  roller
shutters  (three rooms of  the same flat).  The authors  found different  behaviours
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between the  seasons  of  the  year,  and  the  rank of  the  motivations  was  different
accordingly to the room and season (Table 4). The rank was possible to construct
accordingly to the absolute value of the SRCC.

Table 4. Ranking the motivations by influence on the occupant windows operation, extracted from [18].

System Compartment
1st 2nd 3rd

S I Trans. S I Trans. S I Trans.

Windows

R1 OC DP OC DP OC DP * * *

R2 SR - * DP - * Te - *

LR T - T DP - * O - *

W1 DP B/S B/S Te DP DP B/S * *

W2 DP DP DP T B/S B/S * * *

Solar protections

R1 O DP DP DP O O T T T

R2 DP DP DP * * * * * *

LR T DP DP DP T O O O *

* no Sherman correlation coefficient was found above 0.30

- this action has not occurred in this period

 
Logistic Regression

The  work  delved  deep  in  [20],  used  logistic  regressions  to  predict  occupant
actions  based  on  the  motivations  correlated  with  them.  The  rank  of  the
independent variables considered as drivers of windows opening was made using
the absolute value of the β for each logistic equation/windows model (Table 5). It
was also possible to prove that the windows model constructed in one room does
not fit well with the windows in other room of the same type in the same flat (Fig.
15).

Table 5. Ranking the motivations by influence on the occupant windows operation, extracted from [20].

Window room Drivers

1st 2nd 3rd 4th

R1 D OC CO2 -

R2 Te D Wv -

R3 O and D Te Ti Pi

R4 B D Te -

R5 B O Te -
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Fig. (13). Decision tree created for the windows opening of the room R1.
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Fig. (14). Decision tree created for the windows opening of the room LR.
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Fig. (15). Decision tree created for the windows opening of the room LR, extracted from [20].

Comparison Between Methodologies of Occupant Actions Drivers Detection

The  application  of  Spearman's  rank  correlation  coefficient  and  the  logistic
regression to rang the driver to occupants operation of windows lead to different
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conclusions. Considering room R1, the drivers of the “day period” and “state of
occupancy” were considered in the two techniques but in a changed hierarchy. On
R2,  the  “exterior  temperature”  and  the  “day  period”  was  considered  but  in
different orders and with the SRCC, the “solar radiation” was the main predictor,
and  the  logistic  regression  found  the  “wind  direction”  as  the  third  drivers  of
behaviour.  In  the  R3/LR,  the  “state  of  occupancy”,  the  “day  period”,  and  the
“indoor temperature” were considered as drivers to occupants' windows opening,
but the techniques put the drivers in a different order. The same happened in the
R4/W1; the same drivers  were found but  ranked in a different  way.  In R5/W2,
some  bigger  differences  were  found,  “state  of  occupancy”  and  “outdoor
temperature” was considered in the logistic regression model but not in the SRCC.
The use of the SRCC finds the “day period” and the “indoor temperature” as a
driver. The Previous occurrence of a bath was the only coincident predictor.

CONCLUSION

The monitoring system installed and the surveys carried out produce a quantity of
data whose treatment  requires the use of  advanced tools.  Surveys are presently
still an important way to data acquisition, but their accuracy can be questionable.
With the increase in the size of the databases, there is a need to use advanced tools
to discover knowledge inside databases. Machine-learning techniques have to be
adaptable  and  used  in  buildings  to  improve  the  knowledge  of  occupants.  The
intelligence  of  the  future  buildings  will  have  to  consider  the  occupants  as  the
centre of their  function. The current trend is to use digital  twins to manage the
facilities  in  all  the  building  stages,  using  BIM  as  a  midterm  software  or  the
dashboard. The knowledge of occupant actions and the possibility of predicting
them,  considering  their  drivers,  is  essential  to  endow  a  building  with  real
intelligence. With this knowledge, the home management system can inform the
occupants or automatically correct a system if actions are required, considering
the energy efficiency, the IEQ thresholds and the occupants' patterns mined.

The application of three techniques to detect the same action in the same room
leads to the conclusion that the CPA is the best technique. However, the other two
methodologies, one based on the decision tree and the other in an adaptation of
the outlier technique, also showed high accuracies, above 90%.

The application of two machine-learning techniques to detect occupants behaviour
drivers emphasised the need to study and model occupants at a room-scale. One
room's logistic models did not fit the same action in another room of the same flat.
Furthermore,  different  methodologies  can  rank  drivers  of  the  same  action  in  a
different way. The seasonality of motivations is an important factor. The drivers
of occupants' actions vary within the season.
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CHAPTER 6

The  (Not  So)  Close  Relationship  Between
Occupancy and Windows Operation
Aline Schaefer1,*, João Vitor Eccel1 and Enedir Ghisi1

1 Federal University of Santa Catarina, Energy Efficiency in Buildings Laboratory, Florianópolis,
Brazil

Abstract: Occupancy is one of the main factors to understand the operation and energy
consumption of  a  building due to  the variability  of  human behaviour.  However,  the
variability of human behaviour is not taken into account in many thermal and energy
performance studies,  causing inconsistencies  between simulation results  and reality.
One  of  the  reasons  for  these  inconsistencies  also  relies  on  adopting  an  opening
availability  schedule  which  is  strictly  limited  to  the  occupancy schedule  of  a  room,
especially in residential buildings, which may not represent the reality. Thus, the aim of
this study is to investigate the dependency relationship between the room’s occupancy
schedule and the operation of openings in residential buildings. Data on occupancy of
rooms and openings operation were obtained through a database obtained by means of
application of questionnaires in low-income houses in Florianópolis, southern Brazil.
Descriptive  analysis  by  means  of  association  measures  was  performed  in  order  to
evaluate  the  level  of  relationship  between  occupancy  and  openings  operation.  In
addition,  cluster  analysis  was  performed  to  identify  different  patterns  of  occupant
behaviour  in  the  sample.  The  main  result  has  shown  that  the  opening  operation
schedule often does not depend on whether the room is occupied or not and seems to
rely  more  accordingly  to  a  daily  routine,  such  as  the  time  one  wakes  up  or  goes  to
sleep, or leaving and coming back home.

Keywords:  Association  measures,  Cluster  analysis,  Exploratory  data  analysis,
Low-income houses, Occupancy, Occupant pattern behaviour, Occupant profile,
Openings operation, Residential building, Representative profile.

INTRODUCTION

Buildings  are  great  contributors  to  environmental  impacts,  being  energy
consumption  one  of  the  most  significant  factors  [1].  Globally,  40%  of  energy
consumption  is  attributed  to  buildings,  and  the  residential  sector  accounts  for
approximately  30% of that [2]. In Europe, energy  consumption  inresidential
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buildings  represents  approximately  26%  of  the  total  energy  consumption  [3],
while in the USA it represents 22.5% [4]. In Brazil, according to data from the
National  Energy  Balance  (BEN),  in  2018,  buildings  were  responsible  for
approximately  50% of  the  national  energy  consumption  [5].  Also  according  to
BEN, the energy consumption of residential buildings has relevant participation in
this demand, being responsible for approximately 20% of the energy consumption
in buildings [5]. Thus, due to the great impact that national buildings have on the
demand for energy, alternatives aimed at making them energy efficient can have a
very positive impact in reducing the national demand for such a resource.

Alternatives  such  as  the  use  of  more  efficient  appliances,  the  adoption  of
envelopes  with  high  thermal  performance  and  the  use  of  natural  lighting  may
reflect  a  significant  reduction  in  energy  consumption,  without  jeopardizing  the
comfort  of  building  users.  For  example,  Palacios-Garcia  et  al.  [6]  found  an
effective reduction in energy consumption by the artificial lighting system when
exchanging ordinary lamps for LED lamps. Their study concluded that replacing
50%  of  standard  bulbs  with  LED  bulbs  would  reduce  the  annual  energy
consumption of the lighting system by 40%, and that an 80% replacement would
reduce consumption by 65%. However, in order to be sure that the buildings will
be  more  efficient  after  adopting  such  alternatives,  there  is  a  need  to  perform
computer simulations, which make it possible to verify the impact of the strategies
even before adopting them.

The performance of simulations can result in important data regarding the use and
performance of buildings. However, in order to obtain results that are consistent
with  reality,  it  is  necessary  that  the  input  data  also  be.  The  main  factors
influencing energy consumption in buildings can be classified as: (1) climate, (2)
building  envelope,  (3)  building  energy  services  and  systems,  (4)  building
operation and maintenance, (5) user activities and behaviour and (6) quality of the
internal  environment  [7].  Such  influencing  factors  should  be  used  in  the
simulations, and the more consistent with the reality of the building they are, the
greater  the  likelihood  that  sound  conclusions  will  be  obtained  from  the
simulations.

According  to  IEA  [7],  the  first  three  factors  mentioned  above  are  linked  to
variables that influence building performance. They are usually calculated from
standard values of the other three factors, which are linked to the functioning of
the  building.  When  using  standardised  data,  it  is  assumed  that  all  buildings
analysed work within the same standard. This calculation methodology allows a
coherent comparison between the energy performance of buildings, but does not
allow  to  conclude  about  the  real  energy  consumption  of  buildings.  D’Oca  and
Hong  [8]  argue  that  differences  between  the  energy  consumption  obtained
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through  simulations  and  the  actual  energy  consumption  are  the  result  of
assumptions that are not based on practice. Thus, when the objective of the study
is  to  understand  the  real  energy  consumption  of  the  building,  all  the  main
influencing factors must be analysed, in order to be consistent with the reality of
the buildings under study, such as, for example, the occupant behaviour [8].

The identification of occupant behaviour patterns can be based on several aspects
that  integrate  the  relationship  between  occupant  and  building,  such  as,  for
example,  the  pattern  of  turning  on  lamps,  using  appliances,  using  curtains,
changing  clothes,  occupancy,  windows  operation,  among  others.  Occupancy  is
one of the main points to understand how a building works. Page et al. [9] defend
the  idea  that  being  in  the  building  is  the  primary  condition  to  be  interaction
between occupant  and building and that,  therefore,  occupancy is,  in  a  way,  the
basis for all other models. For example, when the occupants of a building stay in a
room more frequently, there is a tendency for the energy consumption in such a
room to be higher, since the appliances installed there will be used for a longer
time, and the lamps will stay on for longer. In addition, there is a tendency that
users  will  act  in  favour  of  maintaining  a  comfortable  temperature,  either  by
activating air-conditioning devices or operating windows. Thus, when using real
occupancy  data  in  thermal  and  energy  simulations  of  buildings,  a  better
understanding about the functioning of the building can be obtained, as well as
conclusions consistent with reality.

There are several studies that show the importance of creating building occupancy
patterns.  Aerts  et  al.  [10] identified seven occupancy models for households in
Belgium, based on data from a national time use survey, in which 6400 people in
3455 households  reported  their  activities  and movements  in  a  diary,  starting  at
4a.m.  and  ending  at  3:50  in  the  morning  of  the  next  day.  For  the  authors,
occupancy patterns are of great value, since they incorporate the great variability
of users’ behaviours without the need to make complicated simulations. Erickson
et al. [11] created an occupancy model from data extracted from sensors, in order
to use it to program the operation of an air-conditioning system. After integrating
the occupancy data with the air-conditioning system, the air-conditioning devices
stopped working at maximum power unnecessarily and it was possible to reduce
the annual energy consumption in the building by up to 42%.

As  for  the  effects  of  the  operation  of  the  openings,  in  terms  of  the  energy
consumption of Brazilian residential buildings, Sorgato et al. [12] concluded that
the  operation  of  windows  is  an  important  alternative  for  maintaining  thermal
comfort in buildings. As Brazil is a country of abundant winds, the operation of
windows can improve the thermal comfort of users without the need to use air-
conditioning systems. Sorgato et al. [12] concluded that the occupant’s behaviour
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in  relation  to  the  operation  of  windows  is  a  factor  that  needs  to  be  considered
when analysing the energy performance of buildings. Wang and Greenberg [13]
and  Moghadam  et  al.  [14],  corroborate  this  conclusion,  stating  that  the  user’s
behaviour in relation to opening and closing windows has a relevant impact on the
energy consumption of buildings.

Several studies highlight the dependence between occupancy and the pattern of
operation  of  the  windows,  that  is,  they  state  that  the  occupancy of  a  room is  a
fundamental  and  mandatory  condition  for  a  window  to  be  open.  However,  in
practice, there is a strong tendency to have windows open in a certain room even
when it is not occupied, especially in single-family residential buildings. In this
sense, this study aimed to analyse the degree of association between occupancy
and the pattern of opening windows in the same room in single-family residential
buildings.  For  this,  measures  of  association  between  data  on  occupancy  and
operation of windows collected in low-income housing in southern Brazil were
applied. Additionally, a cluster analysis was performed in order to identify how
many  and  which  are  the  different  occupant  profiles  that  can  be  found  in  the
sample  used  in  this  study.

Studies on Occupant Behaviour

Bonte et al. [15] claim that human behaviour is based on two action groups. The
first  concerns  universal  reactions,  which  occur  by  human  nature.  The  second
group  concerns  actions  motivated  by  the  past  and  life  experiences.  Thus,
depending  on  the  user,  the  behaviour  can  be  very  different.  In  the  same sense,
Papakostas and Stiropoulos [16] state that user’s activities in a building can occur
due to physiological needs, cultural and social norms, or the combination of these
factors. As each user is different, even if they have the same cultural and social
norms, their actions in the building are unlikely to be the same.

For  Chen  et  al.  [17],  the  lack  of  understanding  about  occupant  behaviour  in
buildings is an obstacle to improving energy efficiency. Besides them, Silva and
Ghisi [18] state that the uncertainties in the results of simulations arise from the
uncertainties related to the input data, such as the number of occupants in a certain
room and the occupancy in the building as a whole. Bonte et al. [15] maintain that
the  user  behaviour  currently  used  in  computer  simulation  tools  is  passively
modelled, assuming that users do not interfere in occupied rooms. However, in
simulations in which users’ behaviour is not assumed, standardised behaviours are
adopted, which often do not correspond to the user’s reality. Examples of this are:
assuming that all users will sleep within a certain time interval, that the windows
in all rooms are open at the same time, that the use of appliances is the same in all
buildings, among others.
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Haldi and Robinson [19] used real characteristics of users’ behaviour to propose
building use modelling techniques,  related to opening windows.  They analysed
the building of the Laboratory of Solar and Physical Energy (LESO), located in
Switzerland.  Occupancy data  was  collected  using infrared  sensors  and window
operating data using micro switches installed on them. After the data collection
period,  windows  operation  models  were  created  based  on  the  building’s
occupancy pattern, which allowed results to be closer to reality when thermal and
energy performance analyses were performed.

Erickson et al. [11] created an occupancy model from data extracted from sensors,
in  order  to  use  it  to  program  the  operation  of  the  air-conditioning  system  in  a
building. Initially, the air-conditioners did not consider the degree of occupancy
of  the  rooms,  and,  many  times,  they  operated  at  maximum  power,  with  few
occupants  in  the  rooms.  Therefore,  the  study  proposed  integration  between  the
air-conditioning  system and  the  model  of  occupancy  in  order  to  reduce  energy
consumption. To obtain occupancy data, sensors were used at border points (doors
and corridors) between the rooms. After collecting occupancy data for five days,
occupancy models were created, and the use of them in the simulations resulted in
a  reduction  in  energy  consumption.  The  simulations  indicated  that,  using  the
occupancy models, the air-conditioning system did not work at maximum power
unnecessarily  and  that  the  reductions  in  annual  energy  consumption  in  the
building  reached  42%  on  average,  taking  into  account  the  ASHRAE  comfort
limits.

Aerts et al. [10] used data from the time use survey and the family budget survey
conducted in Belgium in 2005 to identify recurrent occupancy models, as well as
to  create  a  probabilistic  occupancy  model  capable  of  reproducing  occupancy
sequences  in  a  very  similar  way  to  actual  occupancy  sequences.  The  time  use
survey  contained  12,800  occupancy  sequences.  Using  the  hierarchical  data
clustering  technique,  it  was  possible  to  identify  seven  occupancy  models.

Andersen et  al.  [20]  proposed a  method to  create  patterns  of  user  behaviour  in
relation to opening and closing windows. In this study, measurements were taken
in fifteen households in Denmark for eight months.  The houses were separated
into four groups according to the type of ventilation (natural or mechanical) and
the type of ownership (owner or tenant). For the study, the internal and external
environmental conditions were monitored, in order to relate the users’ behaviour
with the environmental conditions. In addition, sensors were installed in the most
frequently used windows to check the pattern of opening and closing them. The
authors used logistic regression to calculate the probability of an operating event
(opening  or  closing)  of  windows.  With  the  equation  and  measurements  (which
indicated  how  the  environmental  data  varied  over  time),  the  probability  of
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opening  or  closing  the  windows  was  calculated.  With  the  opening  and  closing
probability  data  calculated  every  ten  minutes,  the  model  was  then  created,
defining  when  the  windows  would  be  open  and  when  they  would  be  closed.
Finally,  the  authors  identified  that  the  behaviour  of  individuals  varied
considerably, with different user behaviours leading to differences of up to 300%
in  energy  consumption  in  identical  buildings.  Still,  the  authors  proposed  four
reference user models for use in simulations, stating that the models would have
the capacity to significantly increase the validity of the output data.

In  another  study,  Andersen  et  al.  [21]  compared  actual  energy  consumption
results  from five flats  in  Denmark with results  from simulations using window
operation  and  heating  system  operation  models  for  the  same  five  flats.  The
purpose of the study was to check for discrepancies between the results. For the
creation  of  the  model,  measurements  were  made  in  the  internal  and  external
environments,  in  addition  to  the  application  of  questionnaires.  To  perform  the
simulation, the stochastic models and the collected environmental data were used
as  input  data.  In  the  study,  the  authors  created  a  stochastic  model  of  window
operation using an algorithm. As a result, the correlation between the average of
the  ten  simulations  and  the  average  of  the  measurements  in  the  five  flats  was
weak.  However,  when  comparing  the  average  of  the  simulations  with  the  flats
individually, there were cases of strong correlation between the results. Because
of this, it  was stated that the models were able to make realistic predictions. In
addition,  the authors concluded that the fact  that  the models worked poorly for
some flats and reasonably well for others indicated that applying only one model
of  user  behaviour  to  several  buildings  is  not  an  effective  practice,  as  it  will
generate  inconsistent  results.

Such  studies  show  the  need  to  know  the  building  occupancy  data  correctly.
Reliable  data  about  occupancy  in  buildings  is  a  strong  indication  of  where
activities are most frequently carried out. In addition to collecting real data, it is
necessary  to  adopt  specific  data  analysis  techniques,  from  which  behaviour
profiles can be determined. Another point observed is that most studies present a
user profile model which imposes as a condition for a certain action to happen -
such as opening windows - that the room has to be occupied, otherwise the action
would not happen. The adoption of this condition, if mistaken, can lead to errors
in thermal performance studies. For this reason, this study investigates if there is a
relationship between occupancy in a given room and the operation of its openings.

Explanatory Data Analysis

Data analysis does not need necessarily to be complex and difficult to understand.
Exploratory  data  analysis  is  an  example.  Promoted  by  the  North  American
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statistician John Tukey, exploratory data analysis refers to the study approach of a
data set whose intention is to explore the trends, relationships between variables
and  patterns  that  may  be  implicit  in  a  given  data  sample.  Exploratory  analysis
techniques assist in the process of extracting relevant information from a data set.
As  pointed  out  by  Ramos  [22],  in  the  exploratory  analysis  the  average  and
discrepant behaviours are identified, compared and the interdependence between
variables  is  investigated.  In  addition,  exploratory  data  analysis  helps  in  the
process  of  investigating  and  identifying  trends.

In this study, exploratory data analysis was used to understand the relationships
between two variables of interest and the existence of one or more patterns. Thus,
two exploratory analysis techniques were used: measures of association between
variables and cluster analysis.

Association  measures  are  coefficients  used  to  quantify  the  degree  of  similarity
between variables.  As this  study is  a  sample described by binary variables,  the
review  of  association  measures  for  dichotomous  variables  was  prioritized.  As
presented  by  Dias  et  al.  [23],  the  use  of  binary  variables  for  classification
purposes had great repercussions in the years between 1960 and 1970, as a result
of  the  evolution  in  computational  calculations,  responding  to  problems  as,  for
example,  in  disciplines  such  as  taxonomy.  The  binary  variables  described  the
presence or absence of a certain attribute, allowing the application of statistical
techniques to assess the degree of proximity between the entities.

Several  statistical  measures  have  been  developed  over  the  years  to  allow  the
assessment of similarity or association between variables or entities. Bussab et al.
[24],  Finch  and  Huynh  [25]  and  Azambuja  [26]  present  several  of  them.  The
calculation  used  by  these  measures  uses  an  association  matrix  of  common
characteristics (Table 1). In this matrix, the pairs where there is the presence of a
certain  attribute  in  the  two  variables  (represented  by  the  letter  “a”),  the  pairs
where there is the presence of one of the attributes in one of the variables, but the
absence of the same attribute in the other variable (letters “b” and “c”) or absence
of a certain attribute in both variables (represented by the letter “d”). The different
measures of association reflect on the inclusion or exclusion of common absences
in  the  numerator  or  denominator,  and  also  on  the  weight  given  to  the
concordances and disagreements. Some of these measures are shown in Table 2.
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Table 1. Matrix of association of common characteristics.

Association Matrix
Variable 1

Yes (1) No (0)

Variable 2
Yes (1) a b

No (0) c d

Table 2. Association measures for binary variables.

Association Measure Numerator Criteria Denominator Criteria Weights Criteria

Russel and Rao (RR) Common absences
excluded

All combinations
included

Equal weight for concordances
and disagreements

Simple Agreement
(SM)

Common absences
included

All combinations
included

Equal weight for concordances
and disagreements

Sokal and Sneath I
(SS1)

Common absences
included

All combinations
included

Double weight for
concordances

Rogers and Tanimoto
(RT)

Common absences
included

All combinations
included

Double weight for
disagreements

Jaccard (JACCARD) Common absences
excluded

Common absences
excluded

Equal weight for concordances
and disagreements

Dice (DICE) Common absences
excluded

Common absences
excluded

Double weight for
concordances

Sokal and Sneath II
(SS2)

Common absences
excluded

Common absences
excluded

Double weight for
disagreements

Kulczynski (K1) Common absences
excluded

All concordances
excluded

Equal weight for concordances
and disagreements

Sokal and Sneath III
(SS3)

Common absences
included

All concordances
excluded

Equal weight for concordances
and disagreements

As for  cluster  analysis,  it  is  an  exploratory,  non-theoretical  and non-inferential
technique, which encompasses a variety of algorithms whose objective is to group
similar objects [24]. It is an analytical technique to develop significant subgroups
of individuals or objects, classifying a sample of entities (individuals or objects)
in  a  smaller  number  of  mutually  exclusive  groups,  based  on  the  similarities
between  the  entities  [27].

Cluster analysis performs an innate task for all human beings and is more present
in our lives than we think. The simple fact of organizing a cabinet separating the
pieces and the colours in different stacks is already being carried out a work of
cluster analysis. However, when this activity requires differentiation into groups
based on a large number of characteristics, this process becomes more complex,
requiring the application of specific techniques to achieve this result.
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Cluster  analysis  generally  involves  three  steps:  (1)  determining  a  measure  of
similarity  or  association  between  objects  (individuals),  (2)  applying  some
partition  technique,  which  establishes  the  criteria  for  forming  clusters,  and  (3)
verification  of  the  profile  of  each  group  based  on  the  description  of  the
characteristics  of  each  group  [28].

The measure of similarity or association is a mathematical criterion that represents
the  metric  difference  between  two  individuals,  obtained  by  calculating  the
distances  between  two  objects.  The  most  used  measure  of  dissimilarity  is  the
Euclidean distance,  also  known as  the  straight  line  distance,  obtained from the
square root of the sum of the squares of the difference between each variable of
two objects. The City-Block distance, Mahalanobis distance, Minkowski metric
and Pearson correlation are other examples of similarity measures widely used.
These and other measures of similarity or distance can be seen in Bussab et al.
[24] and Mingoti [29].

Partition  techniques  are  commonly  classified  into  hierarchical  and  non-
hierarchical  and  represent  a  set  of  procedures  used  as  a  criterion  to  separate
groups  from  the  distance  between  objects  (similarity  measure).  Hierarchical
techniques  can  be  agglomerative  or  divisive  and  are  characterised  by  the
formation  of  a  tree.  This  property  allows  the  construction  of  a  graph  called  a
dendrogram, which indicates the level of similarity obtained with each new union
of  two  groups.  Fig.  (1)  exemplifies  the  construction  of  a  dendogram.  The
horizontal axis shows the objects involved in the analysis, while the vertical axis,
the level of similarity obtained with each new union. The cut line, also called the
stop rule, indicates when the partitioning process will be interrupted, determining
the number of clusters formed.

Some partition algorithms most used in hierarchical processes are the Simple Link
Method, Complete Link Method, Mean Distance Method, Centroid Method and
Ward  Method.  Each  of  these  methods  defines  a  different  way  of  using  the
similarity  measure  to  determine  the  distances  between  two  objects.

For example, while in the Simple Link Method the similarity between two clusters
is measured by the two closest elements (diagram “b” in Fig. 2), in the Complete
Link  Method  it  is  measured  by  the  most  distant  objects  (diagram  “c”)  and  in
Average Distance Method this measure is given by the average of the distances
between  all  pairs  of  elements  possible  to  be  formed  between  two  clusters
(diagram “a”). Details on these and other algorithms can be found in Bussab et al.
[24], Mingoti [29] and Kaufman and Rousseeuw [31].
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Fig. (1). Example of a dendrogram. Source: Based on Mathworks [30].

Fig. (2). Representation of some partition algorithms: (a) Distance Average Method. (b) Simple Connection
Method. (c) Complete Connection Method. Source: Kaufman and Rousseeuw [31].
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The hierarchical techniques are interesting because they allow the visualization of
the groupings at each stage through the dendogram, offering a range of solutions
from a single simulation. However, in this method, once a grouping is defined, it
is  never separated in the process.  On the contrary,  in non-hierarchical  partition
techniques,  there  is  no  tree  formation  in  each  cluster  and  this  happens
interactively.  From seed  points,  objects  are  distributed  in  clusters  concurrently
and, at the end of the partition, some objects are relocated to other groups, until no
object  resembles  another  group  than  the  one  in  which  it  is  allocated  [27].  The
partition algorithms used in non-hierarchical methods are the sequential reference,
the parallel reference and the optimization procedure (k-means), the latter being
the most used, as it allows the reassignment of observations [27].

The  last  step  would  then  be  to  describe  the  characteristics  of  each  group.
According to Bussab et al. [24], “the result of a cluster analysis must be a set of
groups that can be consistently described through their characteristics, attributes
and other properties”.

The cluster analysis was applied in this study to identify different user profiles,
presenting the particular characteristics of each group.

METHOD

The method applied in this study was carried out in three steps: (1) obtaining the
data,  (2)  verifying  the  existence  of  an  association  between  the  variables
occupancy and operation of openings in the same room and (3) identification of
existing patterns in the sample. For the first stage, an existing database was used
on the occupancy and operation routines in a sample of low-income housing. The
data were filtered and treated, from which descriptive analyses were applied, such
as  contingency  tables  and  association  measures,  in  order  to  verify  the  level  of
association between the variables, from different mathematical measures (second
step). Finally, in the third step, a database containing the association values found
in  the  previous  step  was  subjected  to  cluster  analysis,  which  allowed  the
identification  of  different  patterns  of  behaviour  regarding  the  occupancy  and
operation  of  windows  in  the  sample.

The following sections describe each step in more detail.

Obtaining the Data

The first step of this method deals with obtaining the data. The data used in this
study were obtained from an existing database, created during the research project
“Rational Use of Water and Energy Efficiency in Housing of Social Interest” [32],
carried  out  in  Southern  Brazil.  Within  the  scope  of  this  project,  four
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questionnaires  were  applied  to  each  dwelling,  referring  to  information  such  as
socioeconomic  characteristics  of  the  residents  (Questionnaire  1),  geometry  and
materials  and  construction  systems  (Questionnaire  2),  building  operation
(Questionnaire  3,  on  the  use  of  equipment,  lighting,  occupancy  of  rooms  and
opening of doors and windows) and energy consumption (Questionnaire 4, with
surveys of installed equipment, energy monitoring and energy bills.

The object of study of the aforementioned research project was the low-income
housing located in Greater Florianópolis, southern Brazil, which met at least one
of the following criteria:

Have  a  family  income equal  to  or  less  than  three  minimum wages  (reference●

April / 2012: minimum wage = R$ 622.00);
Owning a house financed by “Minha Casa Minha Vida” programme or another●

public housing programme for low-income families;
To be inserted in an area destined to social interest, located within the limits of●

Greater  Florianópolis  (includes  the  municipalities  of  Biguaçu,  São  José  and
Palhoça),  since  family  income  does  not  overtake  the  amount  of  R$  5,000.00
(based  on  the  maximum  limit  accepted  by  the  Minha  Casa  Minha  Vida
Programme  in  April  /  2012).

In  this  study,  data  obtained  from Questionnaires  1  (socioeconomic  data)  and  3
(operation) were used, with 107 questionnaires answered.

The  main  data  collected  in  Questionnaire  1  were:  number  of  residents,  family
structure (couple or adult, with or without children), family income and income
per capita and the form of acquisition of the house (rented or owned, private or
government  resources).  The  questionnaire  was  filled  in  by  the  researcher
according  to  the  information  provided  by  the  resident  regarding  the
socioeconomic status of the family. Such data were collected to characterise the
user  of  the  object  of  study  of  this  research,  that  is,  the  characteristics  of  the
residents  of  the  low-income  dwellings  under  study.

The operation data (Questionnaire 3) shows the way users operate the house and
its systems. Therefore, they refer to the pattern of use of equipment and lamps, the
pattern of occupancy of the rooms and the pattern of opening and closing doors
and windows. This questionnaire was completed by the researcher according to
the  information  provided  by  the  resident  responsible  for  the  house  about  the
family’s routines within the dwelling. It is based on the hourly record of the use of
equipment  and  lamps,  the  occupancy  of  rooms  and  the  opening  of  doors  and
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windows. The questionnaire is composed of a table that divides the day into 24
hours. For each hour, the reference value of the action was recorded.

Regarding the pattern of occupancy of rooms, the existing rooms were noted in
each row (only the long-stay rooms were considered, such as living room, dining
room and bedrooms). Next to each room, the maximum number of residents that
occupy that room was identified, and then, how many people occupy that room at
each hour of the day. Finally, in relation to the pattern of operation of doors and
windows, it was noted, for each opening, the room to which it belonged and the
hours when it remained open or closed.

The  operation  data  used  for  the  present  study  address  information  about
occupancy  and  window  operation  routines.  The  data  contained  in  the
questionnaires  were  organized  in  an  electronic  spreadsheet  and  recorded  on  an
hourly basis, representing each hour of the day, resulting in 24 intervals. Data on
the occupancy of the rooms were noted as binary data, where 0 represented the
unoccupied room and 1, the occupied room. As for the operation of the openings,
0  referred  to  the  closed  window,  while  1  referred  to  the  open  window.  Only
information  related  to  the  living  room,  main  bedroom  and  secondary  bedroom
settings for weekdays were selected.

Descriptive Data Analysis

In this step, it was verified if there was a relationship between the occupancy of a
room and the operation of its openings. In other words, we tried to verify whether
the opening or closing of the windows at a certain time is subject to the presence
of a resident in the room and the corresponding time. To make this verification,
methods of descriptive analysis were adopted to objectively assess the degree of
association between these two variables.

After organising the data in an electronic spreadsheet, descriptive analysis began
with the classification of the pairs of correspondence between the variables of a
given room and time of the day, assuming the values “a” for the occurrence of the
two  attributes  (occupied  room  and  open  window),  “b”  for  occurrence  of
occupancy  only  (occupied  room,  but  window  closed),  “c”  for  occurrence  of
operation only (unoccupied room, but window open) and “d” for no occurrence
(unoccupied room and closed windows). These data were computed in a matrix
that served as the basis for the descriptive analysis.

Initially,  the  descriptive  analysis  was  performed  using  visual  methods,  such  as
frequency histograms and bar graphs representing the percentage of occurrence of
each combination (a,  b,  c  or d).  Contingency tables were also used,  in order to
numerically observe the relationship of occurrence in each situation. This type of
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analysis makes it possible to clearly and visually identify which type of action or
behaviour is most recurrent in the sample for each time, in each room, throughout
the day, providing beforehand an initial perception of the existing relationships
between occupancy and operation of windows.

In a second step, measures of association between the variables occupancy and
operation of windows were adopted in each dwelling. Association measures are
coefficients that were used to quantify the degree of correspondence between the
variables.  There  are  several  coefficients  or  measures  of  association,  each
presenting a different  way of measuring the degree of  association between two
variables.  These  measures  use  the  criterion of  presence or  absence of  a  certain
attribute, so that the data matrix formed in the previous step was used (classified
as “a”, “b”, “c” or “d” for each interval of hour). The measures differ mainly in
terms of the inclusion or exclusion of mutual absences (none of the characteristics
present) in the numerator and/or denominator and the weight of mutual presence
(characteristics of the two variables present) in relation to the other pairs. Due to
the  use  of  binary  variables  in  this  study,  preference  was  given  to  the  use  of
association  measures  for  dichotomous  variables.  Eight  measures  of  association
were  used  in  this  study.  Table  3  presents  such  measures,  their  formulas  and
criteria.

Table 3. Binary association measures and their formulas.

Measures Formulas Criteria

Russel and Rao (RR) Mutual absences excluded from the numerator and
included in the denominator

Simple Agreement
(SM)

Mutual absences included in the numerator and in the
denominator

Sokal and Sneath (SS1) Mutual absences included in the numerator and in the
denominator, double weight for concordances

Rogers and Tanimoto
(RT)

Mutual absences included in the numerator and in the
denominator, double weight for disagreements

Jaccard (JACCARD) Mutual absences excluded from the numerator and
denominator

Dice (DICE) Double weight for mutual presence
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Measures Formulas Criteria

Sokal and Sneath 2
(SS2)

Mutual absences excluded from the numerator and in
the denominator, double weight for disagreements

Soreson (SR) Mutual absences excluded from the numerator and in
the denominator, double weight for mutual presence

As  a  logical  matter,  observations  with  higher  coefficients  indicate  a  greater
association between the variables, while lower coefficient values indicate a lower
degree of association (except for the coefficients that do not consider agreements
in the numerator − such as the Sokal Binary Distance − representing, therefore,
the reverse: the higher the coefficient, the higher the degree of association).

The  importance  of  using  different  measures  to  assess  the  association  between
variables relies in the different perceptions that one can have from the coefficients
obtained.  For  example,  measures  that  consider  only  the  mutual  presence in  the
nominator signal those in which the user is in the room and performs the action of
opening  the  window.  Those  that  do  not  include  mutual  absences  are  also
interesting  because,  although  the  occurrence  of  no  occupancy  combined  with
closed opening represents an agreement, this measure, by disregarding situations
in which the occupant is not in the room, represents only situations where there
are  possibility  of  occupant  intervention  (he/she  was  in  the  room  and  kept  the
window  open,  he/she  was  in  the  room  and  chose  to  keep  the  window  closed,
he/she was not in the room, but somehow another user took the action to open the
window).

After applying the association measures for dichotomous variables, the data were
summarized and submitted to cluster analysis, using special statistical similarity
measures for data of this type.

Cluster Analysis Application

Cluster  analysis  step  was  carried  out  with  two  objectives:  (1)  identification  of
different patterns of behaviour in the sample, together with a description of their
characteristics and (2) selection of an occupant profile for each group, which may
be applied in computational simulation.

The technique adopted for the cluster analysis was based on the proposal by Hair
et al. [27] and Schaefer and Ghisi [33], in which hierarchical and non-hierarchical
clustering techniques were combined. Hierarchical techniques were used to define
the number of clusters to be formed, while non-hierarchical techniques were used
for the final formation of clusters.

(Table 3) cont.....
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For the application of the hierarchical cluster analysis technique, it was necessary
to  define  two  aspects:  the  similarity  measure  and  the  partition  algorithm.  As
already  shown  in  the  introduction,  the  similarity  measure  represents  a
mathematical  measure  that  calculates  the  degree  of  similarity  between  the
elements, while the partition algorithm defines the rules for how groups will be
formed  from  the  distance  between  objects.  In  this  study,  the  square  Euclidean
distance was defined as the measure of similarity,  while the Ward Method was
defined as the partition algorithm to be used.

The  square  Euclidean  distance  is  defined  by  the  sum  of  the  squares  of  the
differences between each variable, of all pairs of objects. The average Euclidean
distance was adopted, as it has two interesting properties: with this measure, it is
possible  to  consider  cases  even with  the  absence of  some coordinates  (missing
values),  in  addition  to  allowing  the  accumulation  of  empirical  evidence  on  the
levels of similarity [24]. This measure is calculated for each pair of objects, thus
obtaining a new data matrix, called the similarity matrix. The square Euclidean
distance is calculated according to eq. (1).

(1)

where dAB is the square Euclidean distance from object A to object B, is the value
of A for each variable, and is the value of B for each variable.

For  the  partition  step,  Ward’s  method  was  selected,  which  defines  as  the  best
solution the combination that minimizes the residual increase in squares over all
variables, in all clusters.

After  having  defined  the  distance  measure  and  the  partition  algorithm,  the
hierarchical  cluster  technique was  applied.  In  this  type  of  partition,  the  objects
were  combined  according  to  the  distance  value  obtained  with  the  selected
similarity measure and the partition rules of Ward’s algorithm. The objects that
had the shortest distance from each other were the first to be grouped.

At each stage of the grouping process, two different objects (whether singular or
groupings formed in any of the previous stages) were combined to form a new
cluster.  For  each  new grouping,  the  value  of  the  distance  between the  grouped
objects was calculated, indicating the similarity between the objects in the cluster.
The shorter the distance, the greater the similarity.

The  use  of  the  hierarchical  method  of  grouping  allowed  the  construction  of  a
dendrogram,  which  is  a  tree-shaped  graph  in  which  the  levels  of  similarity
obtained  for  each  new  cluster  formation  are  observed.
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After  the  construction  of  the  dendrogram  and  with  the  aid  of  the  distances
between the clusters formed, it was possible to determine the preliminary number
of  distinct  clusters  present  in  the  evaluated  sample.  The  determination  of  the
number of distinct clusters can be carried out from the evaluation of the evolution
of  the  distances  between  each  cluster  at  each  new  union,  since  a  very  large
distance indicated the union of two not very similar clusters. Then, it was possible
to find the “cutting line” (refers to the distance found at the point from which the
distances  between  the  new  grouped  objects  became  much  greater  than  the
previous  distances).

When determining the ideal  number of  clusters,  the non-hierarchical  procedure
was applied, using the k-means algorithm. In this stage, first the seed points were
defined,  which  are  reference  points  where  the  clustering  process  begins.  They
represent  the  initial  centroid  of  the  cluster,  which  changes  as  new  objects  are
joined, and were defined using the sampling method (random selection). Then, the
sample  objects  were  distributed  simultaneously  in  the  clusters.  As  new objects
were  grouped,  the  centroid  of  the  cluster  was  displaced,  causing  some  objects
previously  assigned  to  a  certain  cluster  to  become  part  of  another  cluster.  The
distribution  of  objects  was  repeated  as  many  times  as  necessary  until  no  more
objects  were  assigned  to  a  new  cluster  due  to  the  change  in  its  centre,  thus
achieving  convergence.  Using  this  process,  the  final  clusters  were  formed.

In  order  to  determine  a  representative  occupant  profile  of  each  cluster,  a
comparison was made between the values of the elements within the cluster and
the centroid of the cluster, with the representative case being the closest one to the
centroid  of  its  cluster.  For  comparison with  the  centroid,  for  each variable,  the
module of  the difference between the mean value and the value of  the element
was computed. After computing these differences, a sum of the values was made.
The element with the smallest sum was adopted as a representative case. For the
case in which there were only two elements within a cluster,  the representative
case  was  chosen  as  the  one  with  the  greatest  distance  from  the  other  clusters
centres, which results in a greater distance between occupant profiles.

Descriptive analysis resources were used to present the characterisation of each
cluster, such as bar graphs and boxplot. The clusters were described based on their
variables of occupancy and operation of openings,  in order to explain the most
frequent behaviour of that cluster. In a complementary way, the socioeconomic
patterns of the clusters were also presented, allowing to verify if there are trends
between the different social groups.

Occupant profiles were described in 24-hour routines, both for occupancy and for
operation  of  the  openings,  in  each  room.  Such  routines  can  be  inserted  in
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computer  simulation  programmes,  representing  different  patterns  of  occupant
behaviour. It should be noted, however, that these routines should be used only as
a base (and not exclusive) behaviour, and should be integrated in the simulation
programme  with  other  influencing  factors  regarding  the  issue  of  occupant
behaviour (such as, for example, environmental conditions). Other studies should
be consulted to determine the limits imposed by the other conditions.

RESULTS

In this section, the main results regarding the occupant behaviour are shown. First,
the  relationship  between  the  variables  occupancy  and  window  operation  were
investigated. Then, different occupant profiles were identified in the sample and
presented. The subsections below describe the main results obtained for each of
these objectives:

Descriptive Analysis

The descriptive analysis aimed to investigate if there is (or not) of a relationship
between the occupancy of a room and the operation of its openings.

Figs. (3-5) show the number of occurrences of occupancy and windows that were
open  in  each  hour  of  the  day  for  the  living  room,  bedroom  1  and  bedroom  2,
respectively.  The red line represents the number of cases of which a room was
occupied  in  each  hour.  The  blue  bars  represent  the  number  of  cases  that  the
window  of  a  room  was  open,  for  each  hour.  It  is  possible  to  notice  a  certain
incompatibility  between  the  occupied  hours  and  those  when  the  window  was
open, especially for bedrooms (Figs. 4 and 5). In the living room, the number of
occurrences  of  occupancy and opening of  the  window (Fig.  3)  shows a  similar
behaviour, increasing during daytime hours and decreasing at night. Even so, it is
possible to identify a higher occurrence of open windows than occupied room, in
the period between 7 a.m. and 6 p.m.. In the following hours, there is a reduction
in  the  number  of  open  windows  and  an  increase  in  occupancy,  the  latter  also
decreasing after 8 p.m.. In the period between midnight and dawn, there are times
with the highest correspondence between occupancy and open windows, probably
due to the fact that it corresponds to the period that people sleep and, therefore,
occupy the other rooms.

As for the bedrooms (Figs. 4 and 5), the inverse relationship between the variables
occupancy and window opening is clear. While in the night period the occurrence
of occupancy is high and the windows tend to remain closed, as the day begins,
the occupancy rate starts to decrease and the windows start to be opened, keeping
it that way throughout the day. At night (around 8 p.m.), the relationship starts to
reverse again.
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This simple analysis allows us to observe that the opening of windows does not
seem  to  be  conditioned  to  the  occupancy  of  an  environment,  but  rather,  more
related to a daily routine (such as getting out of bed and going back to sleep).

It is important to highlight that such conclusions have no statistical significance,
being only a description of the sample raised. Even so, the relationships between
the variables presented above can be clearly observed.

Fig. (3). Number of occurrences of occupancy and windows that were open in each hour of the day in the
living room.

Fig.  (4).  Number  of  occurrences  of  occupancy  and  windows  that  were  open  in  each  hour  of  the  day  in
bedroom 1.
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Fig.  (5).  Number  of  occurrences  of  occupancy  and  windows  that  were  open  in  each  hour  of  the  day  in
bedroom 2.

Figs.  (6-8)  show  the  percentage  of  occurrence  for  the  classification  of  the
correspondence pairs between the variables of a given room and time of the day:
the  occurrence  of  the  two  attributes  (occupied  room  and  open  window),  the
occurrence of occupancy only (occupied room, but window closed), occurrence of
operation  only  (unoccupied  room,  but  window  open)  and  no  occurrence
(unoccupied  room  and  closed  windows).  One  can  see  that  the  most  common
correspondence of occupancy and window operation occurs at night in the living
room, when the room is not occupied and windows are closed. For all rooms, it is
possible to notice that the percentage of occurrences is higher for those that do not
refer  to  a  concordance  between  the  variables.  The  percentage  of  occurrence  of
occupancy and open window is only relevant in the living room in the period from
8 a.m. to 8 p.m., while for bedrooms it is practically irrelevant all day long.

Tables  4  and  5  show  the  Contingency  Table  for  the  variables  occupancy  and
window operation. Table 4 displays the values for midnight to 12 a.m. and Table
5 displays the values for 1 p.m. to midnight, for all rooms. The Contingency Table
shows the percentage of occurrence of each concordance and disagreement in the
sample. The total lines correspond to the sum of occurrences of the same attribute.
For example, for the living room, from midnight to 1 p.m., in 88.4% of the sample
there  is  no occupancy and window is  close,  and in  only 6.3% of  cases  there  is
occupancy in the room and the window is open, corresponding to 94.7% of cases
in  which  the  window  is  closed.  The  darker  the  green  tone,  the  smaller  the
percentage of occurrence. The values presented in the contingency table also show
a  tendency  of  a  non-correspondence  between  the  occupancy  and  window
operation  (higher  values  for  no-yes  pairs,  for  most  of  the  day).
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Fig. (6). Percentage of occurrences of correspondences between occupancy and open windows in each hour
of the day in the living room.
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Fig. (7). Percentage of occurrences of correspondences between occupancy and open windows in each hour
of the day in bedroom 1.
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Fig. (8). Percentage of occurrences of correspondences between occupancy and open windows in each hour
of the day in bedroom 2.
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Table 4. Contingency Table for the variables occupancy and window operation for the midnight to 12
a.m. period.

Time

Living Room Bedroom #1 Bedroom #2

Occupancy (%) Occupancy (%) Occupancy (%)

No Yes Total No Yes Total No Yes Total

1a.m. Window (%)

No 88.4 6.3 94.7 7.5 86.2 93.6 19.7 77.6 97.4

Yes 5.3 0.0 5.3 1.1 5.3 6.4 1.3 1.3 2.6

Total 93.7 6.3 100.0 8.5 91.5 100.0 21.1 79.0 100.0

2a.m. Window (%)

No 89.5 5.3 94.7 7.5 86.0 93.6 19.7 77.6 97.4

Yes 5.3 0.0 5.3 1.1 5.4 6.5 1.3 1.3 2.6

Total 94.7 5.3 100.0 8.6 91.4 100.0 21.1 79.0 100.0

3a.m. Window (%)

No 91.6 3.2 94.7 8.5 85.1 93.6 19.7 77.6 97.4

Yes 5.3 0.0 5.3 1.1 5.3 6.4 1.3 1.3 2.6

Total 96.8 3.2 100.0 9.6 90.4 100.0 21.1 79.0 100.0

4a.m. Window (%)

No 90.5 4.2 94.7 8.5 85.1 93.6 21.1 76.3 97.4

Yes 5.3 0.0 5.3 1.1 5.3 6.4 1.3 1.3 2.6

Total 95.8 4.2 100.0 9.6 90.4 100.0 22.4 77.6 100.0

5a.m. Window (%)

No 89.5 5.3 94.7 8.5 85.1 93.6 21.1 76.3 97.4

Yes 5.3 0.0 5.3 1.1 5.3 6.4 1.3 1.3 2.6

Total 94.7 5.3 100.0 9.6 90.4 100.0 22.4 77.6 100.0

6a.m. Window (%)

No 81.1 6.3 87.4 14.9 70.2 85.1 30.3 63.2 93.4

Yes 10.5 2.1 12.6 4.3 10.6 14.9 2.6 4.0 6.6

Total 91.6 8.4 100.0 19.2 80.9 100.0 32.9 67.1 100.0

7a.m. Window (%)

No 44.2 20.0 64.2 23.4 37.2 60.6 31.6 30.3 61.8

Yes 29.5 6.3 35.8 22.3 17.0 39.4 29.0 9.2 38.2

Total 73.7 26.3 100.0 45.7 54.3 100.0 60.5 39.5 100.0

8a.m. Window (%)

No 31.6 11.6 43.2 24.5 12.8 37.2 23.7 19.7 43.4

Yes 36.8 20.0 56.8 47.9 14.9 62.8 50.0 6.6 56.6

Total 68.4 31.6 100.0 72.3 27.7 100.0 73.7 26.3 100.0

9a.m. Window (%)

No 19.2 7.5 26.6 18.1 7.5 25.5 17.1 9.2 26.3

Yes 48.9 24.5 73.4 64.9 9.6 74.5 64.5 9.2 73.7

Total 68.1 31.9 100.0 83.0 17.0 100.0 81.6 18.4 100.0

10a.m. Window (%)

No 15.8 6.3 22.1 16.0 2.1 18.1 11.8 6.6 18.4

Yes 45.3 32.6 77.9 72.3 9.6 81.9 75.0 6.6 81.6

Total 61.1 39.0 100.0 88.3 11.7 100.0 86.8 13.2 100.0
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11a.m. Window (%)

No 13.7 8.4 22.1 13.8 1.1 14.9 11.8 4.0 15.8

Yes 45.3 32.6 77.9 78.7 6.4 85.1 81.6 2.6 84.2

Total 59.0 41.1 100.0 92.6 7.5 100.0 93.4 6.6 100.0

12a.m. Window (%)

No 14.7 8.4 23.2 16.0 2.1 18.1 9.2 5.3 14.5

Yes 34.7 42.1 76.8 77.7 4.3 81.9 79.0 6.6 85.5

Total 49.5 50.5 100.0 93.6 6.4 100.0 88.2 11.8 100.0

Table 5. Contingency Table for the variables occupancy and window operation for the 1 p.m. – 12 p.m.
period.

Time

Living Room Bedroom #1 Bedroom #2

Occupancy (%) Occupancy (%) Occupancy (%)

No Yes Total No Yes Total No Yes Total

1p.m. Window (%)

No 15.8 8.4 24.2 13.8 2.1 16.0 9.2 4.0 13.2

Yes 40.0 35.8 75.8 72.3 11.7 84.0 76.3 10.5 86.8

Total 55.8 44.2 100.0 86.2 13.8 100.0 85.5 14.5 100.0

2p.m. Window (%)

No 19.0 6.3 25.3 13.8 3.2 17.0 9.2 4.0 13.2

Yes 44.2 30.5 74.7 70.2 12.8 83.0 75.0 11.8 86.8

Total 63.2 36.8 100.0 84.0 16.0 100.0 84.2 15.8 100.0

3p.m. Window (%)

No 13.8 8.5 22.3 14.9 2.1 17.0 10.5 4.0 14.5

Yes 41.5 36.2 77.7 71.3 11.7 83.0 75.0 10.5 85.5

Total 55.3 44.7 100.0 86.2 13.8 100.0 85.5 14.5 100.0

4p.m. Window (%)

No 14.7 7.4 22.1 13.8 1.1 14.9 10.5 4.0 14.5

Yes 35.8 42.1 77.9 73.4 11.7 85.1 73.7 11.8 85.5

Total 50.5 49.5 100.0 87.2 12.8 100.0 84.2 15.8 100.0

5p.m. Window (%)

No 16.8 7.4 24.2 20.2 0.0 20.2 22.4 5.3 27.6

Yes 35.8 40.0 75.8 70.2 9.6 79.8 64.5 7.9 72.4

Total 52.6 47.4 100.0 90.4 9.6 100.0 86.8 13.2 100.0

6p.m. Window (%)

No 17.9 27.4 45.3 38.3 2.1 40.4 42.1 5.3 47.4

Yes 15.8 39.0 54.7 48.9 10.6 59.6 47.4 5.3 52.6

Total 33.7 66.3 100.0 87.2 12.8 100.0 89.5 10.5 100.0

7p.m. Window (%)

No 16.8 42.1 59.0 50.0 8.5 58.5 54.0 5.3 59.2

Yes 13.7 27.4 41.1 34.0 7.5 41.5 36.8 4.0 40.8

Total 30.5 69.5 100.0 84.0 16.0 100.0 90.8 9.2 100.0

8p.m. Window (%)

No 26.3 43.2 69.5 54.3 17.0 71.3 59.2 14.5 73.7

Yes 9.5 21.1 30.5 21.3 7.5 28.7 21.1 5.3 26.3

Total 35.8 64.2 100.0 75.5 24.5 100.0 80.3 19.7 100.0

(Table 4) cont.....
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9p.m. Window (%)

No 32.6 39.0 71.6 44.7 31.9 76.6 57.9 23.7 81.6

Yes 11.6 16.8 28.4 13.8 9.6 23.4 13.2 5.3 18.4

Total 44.2 55.8 100.0 58.5 41.5 100.0 71.1 29.0 100.0

10p.m. Window (%)

No 46.3 35.8 82.1 27.7 58.5 86.2 46.1 46.1 92.1

Yes 12.6 5.3 17.9 7.5 6.4 13.8 5.3 2.6 7.9

Total 59.0 41.1 100.0 35.1 64.9 100.0 51.3 48.7 100.0

11p.m. Window (%)

No 65.3 23.2 88.4 14.9 75.5 90.4 25.0 69.7 94.7

Yes 9.5 2.1 11.6 2.1 7.5 9.6 2.6 2.6 5.3

Total 74.7 25.3 100.0 17.0 83.0 100.0 27.6 72.4 100.0

12p.m. Window (%)

No 81.1 7.4 88.4 4.3 85.1 89.4 23.7 69.7 93.4

Yes 10.5 1.1 11.6 3.2 7.5 10.6 4.0 2.6 6.6

Total 91.6 8.4 100.0 7.5 92.6 100.0 27.6 72.4 100.0

At  last,  Figs.  (9-11)  show a  boxplot  of  all  association  measures  applied  to  the
sample. The association measures were applied in order to quantify the degree of
similarity between the occupancy and window operation of a given room. Values
closer to one indicate a greater degree of association between variables, while the
closer to zero, the lower the degree of association.

As it is shown in Figs. (9-11), most of the association measures are described by a
low  median  value,  it  is,  close  to  zero.  That  means  that,  for  this  sample,  the
relationship between these two variables is low, for all rooms. An exception is for
the  measures  Simple  Coincidence  (SM)  and  Sokal  and  Sneath  1  (SS1)  in  the
living room (up to 0.60). The increase in the values of these measures in relation
to the others is probably due to the consideration of mutual absences (when there
is  no  occupancy  or  open  window)  in  the  numerator.  In  the  living  room,  for
example, less occupancy was observed in the sample at night, when the windows
are  also  more  frequently  closed,  thus  increasing  the  occurrences  of  mutual
absences  and,  consequently,  the  value  of  the  association  measures  in  question.
The  Roger  and  Tanimoto  (RT)  measure  also  considers  mutual  absences  in  the
numerator;  however,  it  assigns  double  weight  to  disagreements  in  the
denominator, thus not resulting in an increase in the coefficient of association. In
general, lower values of association between occupancy and opening of windows
in the bedrooms were observed. This result is in line with the hypothesis that the
opening  of  windows  in  this  room  is  not  conditioned  by  the  presence  of  an
occupant, probably occurring often in accordance with the routine habits of the
residents.

(Table 5) cont.....
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Fig. (9). Boxplot of association measures for variables occupancy and window operation in the living room.

Fig. (10). Boxplot of association measures for variables occupancy and window operation in bedroom #1.

Fig. (11). Boxplot of association measures for variables occupancy and window operation in bedroom #2.
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Cluster Analysis

The  cluster  analysis  started  with  the  hierarchical  technique,  from  which  a
dendogram was obtained (Fig. 12). The dendogram shows on the horizontal axis
all the elements involved in the analysis (occupant profiles), while on the vertical
axis, it shows the level of similarity obtained at each junction of a new element to
an already formed cluster. An increase in the level of similarity relatively higher
than  the  previous  step  indicates  a  point  where  the  cut  line  (or  stop  rule  line)
should be made.

This  line indicates  the moment from which the joining of  two existing clusters
will  produce a  new cluster  with  high heterogeneity,  an unwanted effect  for  the
formation of good clusters. Thus, the ideal number of clusters to be formed is that
referring to the number of clusters existing below the cut line. In the case of this
study (Fig.  12),  the cut  line must pass around the similarity level  close to five,
resulting in the formation of four clusters.

Fig. (12). Dendogram obtained through the application of hierarchical cluster analysis.

The non-hierarchical  cluster  analysis  was performed for the number of clusters
found  in  the  hierarchical  analysis,  which,  in  this  study,  corresponded  to  four
clusters.  For  each  cluster,  an  occupant  representative  profile  was  designated,
which corresponds of those who have shown the smallest distance to the centroid
of its cluster.

Tables  6  and  7  present  the  description  of  daily  routines  for  the  variables
occupancy  (Table  6)  and  window  operation  (Table  7).  For  the  representative
profile of cluster 1, the room is occupied from early morning until night, while the
windows are closed for the entire period. Bedrooms 1 and 2 are occupied until 6
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a.m.  and  after  9  p.m..  However,  the  windows  are  only  open  in  bedroom  2,
between 6 a.m. and 8 a.m.. Profile 2 shows occupancy only for the living room (5
p.m. – 10 p.m.) and bedroom 1 (until 8 a.m. and after 10 p.m.), with bedroom 2
remaining  unoccupied  for  the  entire  period.  The  opening  of  the  windows  is
constant,  occurring  in  all  rooms  from 8  a.m.  to  10  p.m.,  with  the  exception  of
bedroom 2, which is closed at 9 p.m..  Profile 3 has no occupancy of the living
room,  only  in  the  bedrooms,  occurring  until  5  a.m.  and  after  9  p.m.,  in  both
bedrooms. The windows remain open from 5 a.m. to 8 a.m., in all rooms. Finally,
profile 4 shows occupancy in the living room only in the late afternoon and early
evening  (from 5  p.m.  to  9  p.m.),  while  bedroom 1  is  occupied  for  most  of  the
morning (until 9 a.m.) and from 8 p.m.. The windows of the two rooms remain
open between 7 a.m. and 8 p.m.. As for bedroom 2, there is no occupancy at any
time and the window remains closed for the entire period.

Table 6. Time of the day the room was occupied.

Room Profile 1 Profile 2 Profile 3 Profile 4

Living room 6 a.m. - 10 p.m. 5 p.m. – 10 p.m. unoccupied the whole
period 5 p.m. - 9 p.m.

Bedroom #1 0 a.m. - 6 a.m.
9 p.m. - 12 p.m.

0 a.m. - 8 a.m.
10 p.m. - 12 p.m.

0 a.m. - 5 a.m.
9 p.m. - 12 p.m.

0 a.m. - 9 a.m.
8 p.m. - 12 p.m.

Bedroom #2 0 a.m. - 6 a.m.
9 p.m. - 12 p.m.

unoccupied the whole
period

0 a.m. – 5 a.m.
9 p.m. – 12 p.m.

unoccupied the whole
period

Table 7. Time of the day the window remained opened.

Room Profile 1 Profile 2 Profile 3 Profile 4

Living room Closed the whole period 8 a.m. - 10 p.m. 5 a.m. - 8 p.m. 7 a.m. – 8 p.m.

Bedroom #1 Closed the whole period 8 a.m. - 10 p.m. 5 a.m. – 8 p.m. 7 a.m. – 8 p.m.

Bedroom #2 6 a.m. – 8 p.m. 8 a.m. – 9 p.m. 5 a.m. – 8 p.m. Closed the whole period

DISCUSSION

As  shown  in  the  Introduction  section,  many  studies  associate  the  opening  of
windows to the presence of an occupant in the room. However, in practice, it is
known that in single-family residential buildings from Florianopolis (subtropical
climate with abundant wind conditions) there is a tendency for residents to keep
the  windows of  all  rooms open for  many hours  during a  day,  regardless  of  the
presence  of  the  occupant  in  the  room (as  long  as  there  is  no  interference  from
external  conditions,  like,  for  example,  the  weather).  Thus,  this  study  aimed  to
investigate the dependency relationship between the rooms’ occupancy schedule
and the operation of openings in residential buildings.

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



Occupancy and Windows Operation Occupant Behaviour in Buildings: Advances and Challenges   207

Initially,  data were obtained regarding the occupancy and operation routines of
windows in the living room and bedrooms in an existing database. This database
was built from field surveys, thus constituting real data about occupant behaviour.
Such consideration becomes important when it is desired that these data serve as
input data in studies of thermal and energy performance of buildings, as stated by
Silva  and  Ghisi  [18]  and  Haldi  and  Robison  [19].  Although  the  method  for
obtaining  the  data  presents  limitations  (they  were  obtained  through  semi-
structured questionnaires, and not by electronic monitoring), it is still possible to
obtain relevant information about the occupant behaviour, as they indicate general
trends  in  behaviour  and  how  daily  routines  are  perceived  by  the  residents
themselves.

In the next  step,  the data obtained were subjected to a sequence of exploratory
analyses, such as the application of descriptive analysis (by means of frequency
graphs and histograms), measures of association between the variables occupancy
and  operation  of  windows  and  also  with  a  cluster  analysis  application.  The
descriptive  analyses,  together  with  the  application  of  the  association  measures,
were  intended  to  verify  the  degree  of  association  between  the  occupancy  of  a
given room and the opening of the window in that same room, at each hour of the
day.  Contrary  to  what  is  found  in  the  literature,  in  which  the  operation  of  a
window is usually conditioned by the presence of a resident in the room, with this
analysis  it  was  found  that  this  association  is  not  relevant  most  of  the  time,
especially  in  the  bedrooms,  where  occupancy  occurs  predominantly  at  night,
while the opening of windows, during the day. Even in the living room, whose
tendency is to be occupied and with windows open during the day, there was a
disassociation  between  the  occupancy  and  the  period  when  the  windows  were
open.  This  consideration  is  important  because,  although  there  are  other
influencing factors in the decision to open or not to open a window, this decision
should  not  be  associated  exclusively  with  the  presence  of  the  resident,  as  this
posture may cause errors to the results of studies on the thermal performance of
this type of building.

As for the cluster analysis, it was applied in order to identify different patterns of
behaviour  in  the  sample.  In  general,  four  different  clusters  were  found,  with  a
behaviour  pattern  associated  with  each  of  them.  In  order  to  allow  the
consideration of these patterns in studies of thermal and energy performance, such
as  those  that  adopt  computer  simulation,  a  representative  occupant  profile  was
determined for each cluster, corresponding to the profile closest to the clusters’
centroid. Each representative profile was described from its daily occupancy and
window operation routine, for each of the rooms (living room and bedrooms). It
was  observed  that  the  four  profiles  differ  from  each  other  in  terms  of  their
routines, whether in terms of room occupancy or opening and closing windows.
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Some profiles showed rooms that  were not occupied at  any time of the day,  or
whose  windows  were  kept  closed  for  the  entire  period.  Such  behaviours  may
represent  a  situation  in  which  the  room is  not  really  occupied  (or  its  windows
operated), or there is no such room in the building. For example, a living room
that is not occupied can represent a room in a house where the kitchen is occupied
most of the time, the living room being used only on special occasions. Likewise,
a secondary bedroom (noted in this study as bedroom 2) may represent a room
that  is  never  occupied  or  a  building  that  does  not  have  a  second  bedroom.  In
addition, some hourly data may seem unconventional (such as opening windows
at 5 a.m.), but it is important to understand that the object of research is a specific
social group, whose habits and routines differ from other social classes.

It  should  be  noted  that  the  representative  profiles  presented  here  describe  a
common  pattern  of  actions  taken  by  an  occupant  in  relation  to  opening  the
windows, within a specific sample. The pattern of behaviour presented is static
and it is known that there are other factors that influence the decision to open or
close the window, such as external and internal temperature, rain, noise, privacy,
security, among others. Therefore, it is important that the representative profile of
the  occupant  presented  here  would  not  be  applied  exclusively.  It  must  also  be
conditioned  to  the  other  influencing  factors.  For  example,  if  at  a  certain  time
when, according to the profile, the window is open, but the room does not meet
certain comfort conditions, an action can be taken to solve the problem. That is,
the window remains open at a certain time if  the representative profile informs
that  it  would  be  open  at  that  time  and  if  it  meets  the  other  conditions  criteria
(other  factors).  Such  conditions  were  not  investigated  in  this  study,  but  can  be
found in other publications.

It is important to emphasize that this study does not intend to refute or contradict
other  studies  that  point  out  the  presence  of  the  user  in  a  room as  an  important
factor for the operation of windows, as certainly must have been observed in these
studies, specifically for the sample analysed by them. What was observed here is
that this is not a mandatory condition, that is, there are cases in which this action
(opening and closing windows) can happen without the occupant remaining in the
room for longer than he/she needs to carry out the action, as it was identified for
the  sample  of  this  study.  Certainly,  these  findings  reflect  the  combination  of
specific social and climatic factors of the sample under study, inserted in a region
of mild climate, with reasonable temperature fluctuation throughout the year and
which does not present extreme temperatures, neither for the hot season nor for
the cold season, and whose neighbourhood relationship works in favour for social
interaction.  Therefore,  the  data  presented  herein  are  not  indicated  for  use  in
studies whose characterization of the object of study does not match those of the
sample analysed herein,  but  it  is  shown that  when establishing occupation as  a
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mandatory condition for operating windows, inconsistences can be found.

CONCLUDING REMARKS

When investigating studies focusing on the occupant’s  behaviour pattern,  there
was  a  strong  tendency  to  consider  opening  windows  as  conditioned  to  the
presence  of  an  occupant  in  the  room.  In  this  study,  it  was  found  that  such  a
condition does not necessarily represent a real situation, at  least  for the sample
analysed herein, where during most of the day the opening hours of windows did
not correspond to times when the room was occupied, especially with regard to
the bedrooms. However, this is a specific observation for the investigated sample
and may not reflect the behaviour of the sample of users from other studies.

Previous studies on the determination of behaviour patterns have also highlighted
the variability of human behaviour, which was also verified in this study. Thus,
assuming  that  all  occupants  of  a  set  of  buildings  have  a  single  pattern  of
behaviour can lead to thermal and energy simulations presenting results that are
inconsistent  with  reality.  The  determination  of  the  representative  profiles
presented in this study can help to obtain more reliable simulation results. It must
also be considered that, in order to have simulations with results consistent with
reality,  it  is  necessary  to  be  sure  that  the  other  boundary  conditions  have  been
modelled according to the real conditions of the building as well.

It is also important to note that this study has limitations, such as dealing with a
very specific sample of occupants, which may not reflect the behaviour pattern of
occupants from other climatic regions or construction typologies, in addition to
their social identity. Another limitation refers to obtaining a generalized routine,
informed by the resident, which must be combined with other relevant factors in
computer  simulations  in  order  to  produce  reliable  data.  Future  studies  should
deepen the interference relationship between daily routines and other influencing
factors pointed out in the literature.
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CHAPTER 7

Investigating  the  Uncertainties  of  Occupant
Behaviour in Building Performance Simulation: A
Case Study in Dwellings in Brazil
Arthur Santos Silva1,*

1 Laboratory of Analysis and Development of Buildings, Federal University of Mato Grosso do
Sul, Campo Grande, Mato Grosso do Sul, Brazil

Abstract:  The  literature  states  that  the  occupancy  and  related  operational
characteristics in buildings are key variables that cause the gap between the estimate
and actual thermal and energy performance. To address such issue, the objective of this
study is to investigate the uncertainties of occupant behaviour in building performance
simulation through a probabilistic approach. This case study considers a model of a
low-income  dwelling  in  southern  Brazil  using  five  different  construction  for  the
envelope  and  with  natural  or  hybrid  ventilation.  Field  survey  provided  a  dataset  of
uncertainties  of  the  occupant  behaviour,  which  was  related  to  the  occupancy  of  the
rooms,  operation  of  openings  and  use  of  electric  appliances.  The  EnergyPlus
programme was used to conduct the simulations and the R Studio was used for data
processing, analysis, and treatment. A global sensitivity analysis was performed, along
with  an  uncertainty  analysis.  The  results  showed  that  the  number  of  occupants,  the
schedules of occupancy of the bedrooms, the setpoint temperatures for operating the
openings, the cooling setpoint of the HVAC and the limits for operative temperatures
of the rooms were the most influent variables for the thermal and energy performance,
especially in the heating period. The uncertainty was up to 65.6% for estimating the
degree-hours  for  heating  (in  the  natural  ventilation  mode)  and  up  to  59.3%  for
estimating  the  total  electricity  consumption  with  HVAC  (in  the  hybrid  ventilation
mode),  indicating  that  these  operational  uncertainties  had  a  great  impact  in  the
simulation  results.

Keywords:  Building  simulation,  EnergyPlus,  Energy  consumption,  Global
sensitivity, Operational uncertainty, Performance evaluation, Sensitivity analysis,
Sobol’ indices, Thermal performance, User behaviour, Uncertainty analysis.
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INTRODUCTION

The global  energy demand,  one  of  the  main  contemporary  challenges,  tends  to
grow with the population increase and economy expansion as it can be seen in the
12.5%  increase  from  2010-2018,  according  to  IEA  [1].  The  buildings’  sector
represented, in 2018, up to 29.3% of the total energy consumption and 49.3% of
the total electricity consumption worldwide (by grouping residences, commercial
and public services together). The energy efficiency investments at a global scale
were, according to the Energy Efficiency Report from IEA [2] at 2018 base, 58%
orientated to the buildings’ sector (30% of it was related to the envelope, followed
by the HVAC systems).

In this context, energy efficiency is considered the “first fuel” and could address
some  challenges  such  as  the  climate  change,  energy  security  and  economic
growth, without damaging the environment or negatively affecting social aspects.
Energy  efficiency  in  buildings  can  be  defined  as  the  reduction  in  energy
consumption  by  maintaining  the  comfort  and  productivity  of  the  occupants  at
adequate levels, to enable, in a macro scenario, a reduction in the growth rate of
energy demand. However, as the building context becomes more complex with
the emergence of new materials and technologies, the performance of buildings
also becomes hard to predict or estimate. Indeed, innovations and strategies for
energy  efficiency  are  becoming  difficult  to  model  and  evaluate,  in  the
mathematical  point  of  view,  which  make  the  strategies  (i.e.  performance
measures)  not  trivial  to  implement.

The  simulation  programmes  are  key  tools  to  analyse  the  performance  of  the
building  in  different  phases,  since  the  conceptual,  design,  operational  or
maintenance.  They  also  brought  many  advantages  in  analysing  the  energy
performance and the behaviour of buildings. There are some general applications
for  the  use  of  building  simulation  in  early  design  [3,4],  or  operation  and
maintenance  [5].  Nevertheless,  despite  using  advanced  algorithms,  physical
models, empirical databases and being powered with research results all over the
world,  this  type  of  tool  continues  to  be  a  mathematical  model.  Thereby,  every
mathematical  model  depends  on  their  algorithms  and  logical  structures  in  an
attempt to emulate or simulate a real physical phenomenon. Another issue is that
every statistical inference made on mathematical models is susceptible to Type I
and Type II errors for tests of hypotheses, in which Type I can be defined as the
incorrect rejection of a true null hypothesis, while Type II error is failing to reject
a false null hypothesis [6].

It is common to understand the building performance analysis as a mathematical
model  that  depends on at  least  three  major  groups of  information:  the  building
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model, the external factors and the internal factors. Usually, the building model is
set  by  defining  the  envelope  and  the  building  systems;  the  external  factor
represents the climate within all related variables; the internal factors are related
to  the  occupant,  operation  of  the  systems  and  indoor  comfort  conditions  and
requirements.  The latter is particularly interesting for this study as,  since 1999,
Degelman  [7]  stated  that,  despite  the  huge  development  in  the  thermal  (and
energy)  processes  of  the  mathematical  models  in  the  simulation  programmes,
from the 1970s until nowadays, studies on operational patterns do not achieve the
same development  of  knowledge.  The author also stated that  this  is,  somehow,
ironic as the operational characteristics of a building could exert a greater impact
in  the  building  performance  than  the  physical  properties  of  the  envelope.
However, in the last decades, one may find many publications regarding building
performance and the effects of operational characteristics, especially the occupant
behaviour, in all sorts of building performance aspects, as stated by Balvedi et al.
[8].

The  literature  shows  that  similar  buildings,  with  similar  architectural  aspects
(shape,  floor  area  and  materials)  and  with  reasonable  similar  occupancy  and
electric appliances possessions, can have very distinct energy consumption due to
the operational characteristics of the users and the buildings’ systems. This aspect
is called the “performance gap” in many papers [9 - 11], and have become, itself,
a whole field of research. Jia et al. [12] described two main purposes for studying
the occupant behaviour of a building: (1) for understanding the performance gap
between the simulated and actual energy use of buildings; or (2) for performing a
more  robust  optimization  of  the  buildings,  especially  by  setting  control  and
operation  parameters  more  accurately.

A major  research  project  has  been developed,  in  this  area,  by  the  International
Energy Agency in respect to the EBC/IEA Annex 66 [13]. The main purpose was
to  develop  a  framework  for  dealing  with  the  occupant  behaviour  in  building
simulation by considering data collection,  modelling and evaluation,  as well  as
integrating  these  processes  into  the  programmes  for  supporting  designers,
stakeholders, policies and other areas. This annexe also developed an approach to
reduce the performance gap related to occupant behaviour.

Jia  et  al.  [12]  categorized  five  different  areas  for  occupant  modelling  in  a
building. The (1) agent-based modelling is related to the occupant’s perception
and their interaction with each other and the outdoor environment, which depends
on  modelling  their  actions  by  algorithms  powered  with  measured  data.  The
statistical analyses (2) try to establish a numerical relation between the occupant
behaviour  and  other  related  variables;  occupant  profiles  can  be  created  by
grouping some influent variable in the sample. The data mining approach (3) is
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another statistical tool that enables the correlation of the occupant behaviour with
other related aspects, such as energy consumption or thermal performance; in this
sense, the algorithms should learn how to behave. The stochastic approach (4) is
related to modelling of the occupant status with time. And there is another generic
category  (5)  which  depends  on  different  types  of  estimation  for  different
purposes. Still in this subject, Hong et al. [11] stated that building performance
can  be  quantified  by  two  approaches:  the  first  is  to  compare  the  energy
performance of similar buildings with different occupant patterns, and the second
is to simulate the building performance with a different sort of occupant pattern
profiles.  While  the first  approach enabled a  direct  comparison of  the effects  of
occupant behaviour, the second depends on the act of modelling the occupant’s
behaviour based on research data and mathematical models.

By  giving  this  succinct  introduction,  this  study  intent  is  to  investigate  the
operational  characteristic  of  the  occupants  regarding  the  performance  of
residential  buildings,  which  is  already  recognised  as  the  major  aspect  that
influences  the  uncertainty  in  the  building  performance  [14].  This  investigation
followed  a  statistical  procedure  to  develop  operational  probabilistic  profiles,
which is not the same as modelling or emulating the occupancy, as stated by some
authors [12]. In this sense, the followed approach seeks the second type described
by  Hong  et  al.  [11],  which  depends  on  empirical  data  to  understand  the
uncertainties by giving, a priori, the type of sample and building characteristics,
which were not directly correlated with other variables but treated separately as a
separated phenomenon.

The  objective  of  this  chapter  is  to  describe  the  development  of  operational
schedules  for  houses,  from  a  case  study  in  southern  Brazil,  and  to  perform
building simulation experiments to understand the effects of user behaviour in the
building performance by using advanced statistical techniques.

LITERATURE REVIEW

There are some review studies regarding the subject of occupant behaviour related
to  its  effects  on  the  performance  of  buildings,  specially  concerned  with  the
development and validation of occupancy profiles. Hong et al. [11] performed an
interesting  review  by  answering  some  questions  related  to  the  occupant’s
behaviour, such as how to measure the occupant behaviour or how occupancy can
be modelled for simulation purposes. By analysing how the occupancy models are
dealt  with  by  the  simulation  programmes,  the  authors  stated  that  most  of  the
programmes adopt deterministic input values to represent the occupant behaviour.
Thus, if a researcher wants to analyse and investigate the occupancy by advanced
methods,  the  model  should  be  perturbed  to  generate  the  desired  mathematical
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experiment,  by  using  the  native  deterministic  input  strategy.  Balvedi  et  al.  [8]
reviewed some methods for collecting user behaviour information and how they
are  used  in  building  simulation  tools.  The  authors  addressed  the  monitoring
methods for occupant behaviour, the development of behavioural models and the
application of these models in building performance simulation.

Hong  et  al.  [10]  stated  that  addressing  the  building  performance  gap  is  one
important  challenge  of  the  building  simulation  community.  All  the  building
models  specification  (climate,  envelope,  services  and  systems,  operation,  and
indoor  environmental  requirements)  are  susceptible  to  uncertainties,  which  can
affect the energy performance results. However, this fact causes some scepticism
or lack of credibility regarding the building simulation initiatives by the various
engineering sectors. Thus, the gaps need to be properly identified and analysed,
especially those related to the occupancy. De Wilde [9] listed up to seven issues
that need to be addressed in further attempts to study the performance gap. To cite
some  of  them,  the  authors  described  the  need  to  consider  a  broader  sample  of
buildings to understand the uncertainties in the occupancy, while understanding
that  each  building  would  have  a  unique  pattern.  Another  aspect  is  that  the
simulation  outcomes  must  be  treated  as  uncertain,  especially  due  to  those
variables that  cannot be known at  the design stage (actual  occupancy,  weather,
control  of  HVAC);  in  this  sense,  there  is  a  need  to  consider  the  results  with  a
probabilistic  approach,  which  implicates  in  the  use  of  advanced  data  treatment
and  experiments,  and  considering  confidence  intervals  for  both  the  inputs  and
outputs.

Pfafferott and Herkel [15] showed the statistical occupant behaviour modelling in
a  case  study for  the  Fraunhofer  Institute  for  Solar  Energy Systems (Germany).
The  measurements  were  performed  for  one  month  in  2003  considering  sixteen
offices inside the building. The response function was the indoor air temperatures
and  their  variations  in  time,  which  were  analysed  by  the  mean  and  standard
deviation.  Azar  and  Menassa  [16]  analysed  30  typical  office  buildings  in  five
main climate zones of the United States, by varying the occupant behaviour on the
eQuest simulation programme. The construction characteristics of buildings were
extensively detailed through a survey.

The authors defined nine input variables to investigate the energy consumption,
such  as  the  hours  of  equipment  and  lighting  usage,  the  temperature  setpoints
during  the  occupied  and  unoccupied  hours,  among  others.  A  one-at-a-time
sensitivity analysis was performed to understand the impact of such variables on
the output. For some buildings, the heating setpoint during the occupied periods
was  the  most  influent  variable,  while  for  others,  it  was  the  building  schedule.
They concluded that the occupancy parameters have a significant influence in the
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energy consumption, and the information on what parameter matter the most, the
stakeholder  or  building  designers  could  understand  this  patter  to  help  to  make
better decisions.

Lindberg  et  al.  [17]  determined  load  profiles  (for  heat  and  electric  appliances)
based on hourly measurements  of  114 non-residential  buildings.  These profiles
can be used as a reference for buildings before implementing energy efficiency
measures,  and  are  dependent  on  many  variables,  by  using  regression  analysis.
Gucyeter  [18]  compared  the  energy  consumption  of  three  offices  by  using
different occupancy profiles (deterministic, semi-deterministic and probabilistic).
The author stated that the inclusion of detailed occupancy patterns led to higher
accuracy  of  the  model  and  reduced  the  performance  gap,  as  the  deterministic
profiles  led  to  higher  internal  gains  in  comparison  with  the  actual  occupant
behaviour. Thus, deterministic approaches overestimate the occupants’ presence,
especially in office buildings. Feng et al. [19] dealt with a stochastic occupancy
modelling  for  building  simulation,  by  using  an  empirical  model  of  colling
behaviour  depending  on  the  indoor  temperature  (as  a  probability  of  switching
on/off).  The  authors  performed  repeated  simulations  using  the  occupancy
stochastic  model  and developed a  sort  of  probability  density  estimations.  They
recommend some timestep combinations along with repeated runs to address the
confidence interval derived from the stochastic model. D’Oca and Hong [20] used
a data mining approach to create occupancy patterns from a specific database and
was used for a case study of 16 offices in Germany. The profiles were dependent
on the probability of occupancy by the season of the year, the day of the week and
the  time  of  day.  Through  cluster  analysis,  the  study  discovered  some  specific
patterns that were different depending on the time the occupants came to office,
the  actual  working  time,  the  lunch  period,  the  afternoon  working  time  and  the
time people leave the office.

Marszal-Pomianowska et al. [21] developed a high-resolution household demand
profile  using a  probabilistic  bottom-up approach.  The authors  used statistics  of
power consumption and daily usage patterns of individual appliances of an 89 and
16 household samples from Denmark, with different hourly resolutions. Jeong et
al. [22] studied the window control patterns in 20 houses during different seasons.
The windows operation were dependent on the activities of the room and time of
day, and the main purposes were for desiring fresh air or for specific activities.
The  differences  in  the  schedules  for  the  heating  or  cooling  seasons  were
remarkable.  The  authors  also  discovered  that  the  indoor  temperatures  and
temperature  drop  were  more  adequate  as  explanatory  variables  for  windows
operation than the outdoor temperatures (based on correlation results). Firląg et al.
[23] studied five control algorithms for dynamic windows regarding the shading
operation.  The  algorithms  were  based  on  heating/cooling,  simple  rules,  perfect
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citizen,  heat  flow  or  predictive  weather,  and  were  implemented  in  EnergyPlus
through  the  EMS  (Energy  Management  System)  object  for  the  building
simulation. These control algorithms represent different patterns and motivations
for operating the shades and resulted in different energy consumption results, such
as reducing by 21.6% the energy consumption when an automatically controlled
shade is compared with no shading.

From an international point of view, the ASHRAE Standard 90.1 [24] provides
some  normative  occupancy  profiles  for  different  building  types  to  be  used  for
simulation purposes. These profiles have the advantage of being easy to interpret,
to use and to include in the building simulation programmes, as they usually are
represented by a 24-hour profile. The possibility of replication is also important,
as  different  researchers  or  analysts  can  compare  the  performance  results  to
identify common patterns and efficiency measures, as the occupancy would be the
same. Brazil, for instance, also has some standardised documents that deal with
building simulation for energy efficiency labelling purposes. There is the RTQ-C
regulation [25], that deals with the commercial, services and public buildings, and
the  RTQ-R  regulation  [26]  that  deals  with  residential  buildings.  Only  the
residential energy efficiency regulation (RTQ-R) fixes the occupancy profiles for
simulation purposes,  mainly the occupancy, the opening of windows and doors
controlled by temperature, and the use of lighting and appliances. However, the
new  proposals  of  development  of  these  regulations  are  bringing  some
standardised profiles for commercial and residential buildings, to help the energy
labelling and enable the comparison and replicability aspect.

The need for a database for occupancy and other operational characteristics seem
to be the first  step to understand the magnitude of the uncertainties in building
performance simulation. In this sense, the first step of this study was to develop
“operational  schedules”  to  use  in  the  simulation  programmes as  the  first  set  of
input variables needed to evaluate the energy performance of buildings.

DEVELOPING OPERATIONAL SCHEDULES

This section deals with the description of the data acquisition, data treatment and
representation of the schedules of user behaviour of dwellings. For terminology
purposes,  the author decides to use the term “operational  schedules” instead of
using  “user  behaviour  pattern”  or  “user  behaviour  routines”.  The  data  sample
comes from a relatively small case study in southern Brazil and was a part of a
larger research project funded by FINEP (“Financiadora de Estudos e Projetos” in
Portuguese-BR), a public agency which provides funding for researches over the
country through public notices.
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Some previous work reported partial results obtained through this research. Silva
et al. [27] and Silva et al. [28] have performed the data treatment of the electricity
end-uses  of  the  sample  of  houses;  Schaefer  and  Ghisi  [29]  analysed  the
architectural  and  construction  data  to  develop  some  reference  buildings  for
building  simulation  purposes.  However,  much  of  the  crude  information  was
published  only  in  internal  reports  for  the  funding  agencies  and/or  in  the
Portuguese  language.  Thus,  this  chapter  first  intent  is  to  bring  the  information
needed  to  understand  the  process  of  data  acquisition,  data  treatment  and  the
development  of  the  schedules  into  one  single  document.

The  research  was  performed  in  the  region  of  Florianópolis,  capital  of  Santa
Catarina (southern Brazil) through the year of 2012-2014. The chosen buildings
were classified as low-income houses because they attended some of the criteria
related to  the  total  family  wage,  they have the  house funded by social  housing
programmes or they were located in critical areas/neighbourhoods destinated to
social houses. Up to 120 houses were surveyed for this research; however, the size
of the sample was different (i.e. lower) for each subject of the research, which will
be shown further in this chapter.

Fig. (1) shows a flowchart describing the whole subjects of the original research,
which considered the study of the socioeconomic characteristics of the families,
the study of the building characteristics for building-stock purposes, the study of
the materials and construction components, the measurements and estimation of
the  energy  and  water  end-uses.  Finally,  there  is  the  study  of  the  operational
schedules,  which,  for  this  chapter’s  matter,  is  the  user  behaviour  and  related
patterns  in  the  sample  of  the  houses.

Fig. (1). The scope of the original research, highlighting the subject covered by this chapter, which is the
“operational routines”.

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



Building Performance Simulation Occupant Behaviour in Buildings: Advances and Challenges   221

Data Acquisition

For  the  data  acquisition,  semi-structured  questionnaires  were  used  along  with
measurement  equipment  for  recording  the  energy  consumption  of  electric
appliances. The aim was to understand some characteristics of a sample of houses
regarding the operational constraints of occupancy, natural ventilation and use of
electric appliances.

Up to four types of questionnaires were used: (1) a first that dealt with the socio-
economic  characteristics  of  the  occupants;  (2)  the  second  dealt  with  the
architectural features of shape, form, construction materials and fenestration; (3)
the third dealt with the determination of routines of occupancy, operation of doors
and windows for natural ventilation and use of electric appliances; (4) the fourth
dealt with the register of all the appliances and lamps characteristic per house.

All  questionnaires  were  filled  out  along  with  information  given  by  the  house
owner.

Measurements of the Average Power of Equipment and Lighting

All  the  electric  appliances  were  registered  from  each  dwelling,  including
information  of  the  room that  the  appliance  is  located,  name,  manufacturer  and
model, rated power, and the energy measurement information. All the lamps and
luminaires  were  also  registered,  including  information  of  the  room which  they
were located,  type and rated power.  Some additional  information regarding the
data acquisition was already reported by Silva et al. [28].

The dwelling was visited at least twice: once to register the information, interview
the occupants with questionnaires, and install the monitoring equipment; and later
once to remove the equipment and register the measured energy data. The main
measurement equipment used was the T8 plug load meter (from Northmeter), and
one  equipment  was  installed  per  each  electric  appliance  in  each  dwelling.  The
equipment registered the energy consumption and time of use, which enables the
calculation of the average power of each appliance.

The procedure of the data acquisition can be summarized as follows:

All electric appliances were registered, and the average power was measured for●

each appliance in each dwelling.
The electric appliances were, but not limited to: refrigerator, washing machine,●

microwave,  television,  computer,  iron,  fans,  cafeteria,  hair  drier,  cellphone
charger,  among  others.
All electric appliances and lamps were organized by the dwelling identification,●
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the room which they were located, and the average power calculated through the
measurements.
A  questionnaire  was  applied  for  the  dwelling  owner  regarding  the  routine  of●

usage  of  each  equipment  and lighting,  especially  concerning  the  time of  day,
duration of events and frequency of use during one typical month.

The sample size for the determination of average power was 53 dwellings with
complete  data.  The  measurements  and  interviews were  conducted  in  2012.  For
this  study  purpose,  as  the  building  simulation  deals  with  the  long-permanence
rooms  of  the  house  (i.e.  bedrooms  and  living  room),  the  electric  shower
information  and  consumption  were  excluded  from  the  data  treatment  and  the
simulation  experiments.

Questionnaires on the Operational Schedules

The operational schedules are related to the way the occupants use the dwelling
and  its  systems;  thus,  they  concern  the  patterns  of  use  of  the  appliances,  the
lighting,  the  occupancy  of  the  rooms  and  the  way  the  windows  and  doors  are
operated for natural ventilation.

The questionnaire about the operational schedules was filled out together with the
house owner, and the answers were related to the duration of events of using each
appliance  of  the  house,  the  periods  of  the  day  which  windows  and  doors  are
opened  for  natural  ventilation,  the  routine  of  use  of  the  rooms  based  on  the
behaviour  of  the  family  members,  and  the  patterns  of  using  the  lighting  of  the
rooms.  The  researcher  divided  the  answers  by  routines  for  the  weekdays  and
weekends  and  based  on  the  subjective  answer  of  the  owner.

The procedure of filling out the questionnaires can be summarized as follows:

As each type of equipment was already registered considering the previous step●

of the research, the list of appliances and lighting was used to estimate the total
duration of events through the answers of the owner.
The same was performed for the routines of opening the windows and internal●

doors of each room for natural ventilation purposes.
The occupancy of each room was also estimated, as each family have a specific●

pattern of using the rooms, time of absence, period of working and total hours of
sleep.

The  sample  size  of  the  houses  for  this  subject  was  17  dwellings  during  the
summer period and 34 during the winter period. It is worth to state that all houses
of the sample were naturally ventilated or used some electric fans; no dwelling
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had air-conditioning to provide artificial cooling or heating for achieving thermal
comfort.

Data Treatment

After the data acquisition, the next step was to develop a dataset of operational
schedules in the format required by the building simulation programmes. All the
data gathered from the use of electric appliances, door and window operation for
natural  ventilation  and  room  occupancy  were  treated  with  different  statistical
methods.

This section aims to achieve the so-called “diversity profiles”, which represent a
historical hourly base data related to the topics mentioned above throughout one
typical year. Fig. (2) shows a scheme of the schedules developed for this study,
based on the data acquisition.

Fig. (2). Schedules and datasets developed from the data acquisition.

Developing Schedules for Occupancy and Openings Operation

For the development of diversity profiles related to the occupancy, operation of
windows and doors, the Wilcoxon statistical test was used. It is a non-parametric
test for calculating confidence intervals based on the median of the sample rather
than  the  mean.  Non-parametric  tests  are  useful  for  models  that  deal  with
behavioural  data  [30]  or  when  the  shape  of  the  statistical  distribution  does  not
follow a known parametric model, such as normal or uniform distribution.
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The Wilcoxon test uses the signal (direction) and the magnitude of the difference
between the data and the median.  The confidence interval  is  obtained from the
Walsh averages of the sample, as being calculated according to eq. (1). The Walsh
averages are ordered and the median is  calculated:  when the size of the data is
odd, the median is the intermediate value; when the size of the data is even, the
algorithm of Johnson and Mizoguchi [31] is used. The confidence level achieved
is calculated from the normal approximation of Wilcoxon according to eq. (2).

Where: WK are the Walsh averages; Xi and XJ are the sample data; n is the size of
the random sample; ZW is the number of deviation from the normal approximation.

The procedure can be summarized as follows:

All the data obtained by the survey were organized for treatment: occupancy of●

each  room  of  the  dwelling,  for  winter  or  summer  periods,  for  weekdays  or
weekends.
The Wilcoxon test was applied to each hour of the day grouped by the variables●

“room”,  “summer  or  winter”  and “weekdays  or  weekends”.  In  this  sense,  the
median and confidence interval calculated was performed for each hour from 1
a.m. to 24 p.m. for a typical day.
For  generating  the  non-parametric  confidence  intervals,  the  80%  confidence●

level  was  used,  as  it  could  represent  an  adequate  amplitude  range  of
uncertainties.

It  should  be  emphasized  that,  for  data  treatment  purposes,  other  parametric
distributions were tested to verify the adherence of the data based on some degree
of  significance.  No  parametric  distribution  could  overcome,  satisfactorily,  the
variability of the sample.

The data treatment outcomes were a set of diversity profiles with 80% confidence
range, which indicated the possibility of working with a probabilistic approach.

(1)

(2)
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Indeed, some annual schedules were created for the occupancy and operation of
doors and windows based on the following procedure:

The  profile  values  were  considered  as  the  probability  of  occurrence  (i.e.●

occupation or operation); thus, some random days were generated based on this
assumption.
The  random  days  were  generated  by  using  the  Latin  Hypercube  Sampling●

algorithm with the function “LHS” from the R package “pse” developed by [32].
The  annual  schedule  respected  the  summer/winter  and  weekdays/weekends●

characteristics  and  was  generated  for  each  room  (bedrooms,  living  room  and
kitchen) and each confidence interval segment (lower limit, median and upper
limit).

Developing Schedules for Equipment and Lighting Usage

Regarding this  subject  of  appliances,  the data obtained from the questionnaires
were organized for each hour of the day for both summer and winter conditions.
The duration of use of each appliance was the known variable.

The following process was executed:

The  average  power  of  the  electric  appliance  was  calculated  by  having  the●

electricity  consumption  and  duration  of  use;  this  was  calculated  for  each
appliance  for  each  dwelling  according  to  eq.  (3).
The  average  power  of  the  type  of  electric  appliance  was  calculated  for  all●

dwellings,  by  having  the  average  power  in  each  dwelling  and  the  number  of
appliances in the sample of dwellings.
Each set of values ranging from 1 a.m. to 24 p.m. represents a schedule of use of●

equipment for each room (bedrooms, living room and kitchen), as can be seen in
eq. (4).
The  fraction  of  power  usage  represents  daily  schedules  for  appliances  and●

lighting.  For  the  appliances,  only  a  median  schedule  was  obtained  due  to  the
difficulty of treating large amounts of data. For the lighting schedules, the same
procedure  for  occupancy and  operation  of  openings  was  adopted  to  create  an
80% confidence interval for the median profile.

(3)
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(4)

Where: AvgPwij is the average power of each appliance i in each dwelling j [W]; is
the average power of each appliance i considering all sample of dwellings [W]; n
is the sample size of dwellings [non-dimensional]; FPWik is the fraction of power
of each appliance i in each hour of the day k , for each room of the dwelling [non-
dimensional]; m is the total number of appliances;ni is the number of dwelling that
has the device i ; FPWK is the fraction of power of each room for the hour of the
day K. For the values of the average power with electric appliances and lighting,
the normal distribution was used to calculate the confidence intervals considering
90% confidence according to the Student t distribution.

Representation of the Schedules

This  section  is  intended  to  show the  graphs  of  the  schedules,  i.e.  the  diversity
profiles, based on the above procedures of data acquisition and data treatment.

Schedules of Occupancy

The schedules  of  occupancy were created for  each room, by summer or  winter
conditions,  and  by  Saturday,  Sunday  and  Weekdays.  The  treatment  was
performed  according  to  the  Wilcoxon  non-parametric  test  considering  all  the
houses sample and 80% confidence interval for the Median. Fig.  (3)  shows the
schedules of occupancy for the summer period, while Fig. (4) shows the same for
the winter period.

For numerical purposes, the values of the schedules can represent the fraction of
occupancy in each room for each hour of the day. For a year, the schedules can
also represent the probability of occupancy of each room in each hour of the day.

The schedules reported here were the daily profiles; the annual schedules cannot
be  reported  in  a  written  document  due  to  its  size  (each  one  has  8760  rows  of
random data). It can be noticed that the schedules had a lower amplitude for the
bedrooms than for the other rooms (living room and kitchen). This represents the
higher  uncertainty  for  dealing  with  this  type  of  data  in  building  simulation
experiments.  The  bedroom  profiles  showed  that,  for  weekdays,  the  median
behaviour  is  the  occupancy  from  24  p.m.  to  5  a.m.  with  higher  confidence;
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however, due to the sample diversity, the bedroom can be occupied up to 10 a.m.
for summer (see Fig. 3), with a low probability of occurrence. In the same sense,
it is least probable that the bedroom would be occupied from 12 a.m. to 9 p.m. for
weekdays over summer.  Similar  behaviour was observed for  the winter  period,
but with relative different values in the profiles.

For the living room and kitchen, the profiles are very uncertain, i.e., show high
amplitude ranges (see Fig. 3). The confidence intervals showed that there is some
probability of low occupancy in these rooms over one typical day, and it is very
hard to be occupied by all people at the same time (which is referred to the value
of 1.0).  For weekdays at the living room the median value is 1.0 at 9 p.m., but
lower values for the rest of the day.

Schedules of the Operation of Windows and Doors

The schedules of the operation of windows and doors were treated separately for
each room and summer and winter periods. It was considered the Wilcoxon non-
parametric test with 80% confidence interval for the median. Fig. (5) shows the
operation of windows and doors for the summer period, while Fig. (6) shows the
same for the winter period.

Fig. (3). Schedules of occupancy of the rooms for each day type of Saturday, Sunday and Weekdays for the
Median, along with the 80% confidence interval (the grey shade) for summer.
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Fig. (4). Schedules of occupancy of the rooms for each day type of Saturday, Sunday and Weekdays for the
Median, along with the 80% confidence interval (the grey shade) for winter.

Fig. (5).  Schedules of operation of doors and windows of the rooms for the Median, along with the 80%
confidence interval (the grey shade) for summer.
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Fig. (6).  Schedules of operation of doors and windows of the rooms for the Median, along with the 80%
confidence interval (the grey shade) for winter.

Annual schedules were also generated based on the daily profiles but cannot be
reported here due to the space required.

In general,  the profiles state that  the windows and doors are opened during the
day, not during the night. And the probability of opening is lower in the winter
condition than in the summer period.

Equipment and Lighting Schedules

The schedules of electric appliances usage, according to the data treatment, was
performed for each room and is considered a median profile for all the sample of
dwellings. The schedules are shown in Fig. (7), and they represent a fraction of
the power used in each hour of the day in that room. It should be emphasized that
these schedules are not supposed to be used separately from the average power
obtained by this research.
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Fig. (7). Schedules of the usage of the (a) lighting and (b) electric appliance for each room, the grey shade
show the 80% confidence interval (only for the lighting).

The schedules of lighting usage were obtained for each room and by the statistical
procedure  of  the  non-parametric  Wilcoxon  test  considering  all  the  sample  of
dwellings. Thus, the median curve is shown along with the limits represented by
the grey shade in the graph. Fig. (7a) shows the schedules of lighting usage for
each room, in which the values represent a fraction of power used in each hour of
the day.

From the electric appliances schedule (Fig. 7b), it can be noticed that in all rooms
there will be some electricity consumption occurring every hour. It is common in
this type of house to have television or another electronic device in standby mode,
in the bedrooms so as in the living room.

It  should  be  remembered  that  the  values  obtained  for  the  fraction  of  usage  of
electric  appliances  are  low  (always  lower  than  0.4)  because  they  represent  a
fraction of the total average power installed in each room. In this sense, it is hard
to have all appliances turned on at the same time.
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The same is observed for lighting usage (see Fig. 7a). The values of the profile
represent a fraction of the total average power installed with lights in that room.
The low values indicate that, for that specific hour of the day, the lights were not
turned on the entire hour – but only for a fraction of it.  Another observation is
that, for this sample of dwellings and the 80% confidence interval, there were no
events of use of lighting during the day – only in the night period. However, this
observation  does  not  indicate  that  the  daylighting  is  effectively  used  by  the
dwellings  or  that  there  would  be  adequate  illuminance  levels  for  the  activities
during the day.

Internal Loads with Equipment and Lighting

The  installed  power  with  appliances  and  lighting  were  calculated  in  W/m2,  to
generalize the power per floor area of each room. This indicator is called “power
density” and was calculated by using the t-test with a 90% confidence interval for
the mean. In this sense, these values of power density only make sense when used
together with the schedules showed above.

Table  1  shows  the  values  of  the  power  density  for  the  electric  appliances  and
lighting  for  each  room,  based  on  the  lower,  mean  and  upper  limits  with  90%
confidence.

Table 1. 90% confidence interval for the appliances and lighting power density in each room.

  Level  
  Appliances Power Density [W/m2]    Lighting Power Density [W/m2]  

  Kitchen    Bedrooms  Living room Kitchen Bedrooms Living room

Lower 59.30 10.21 12.51 2.16 3.35 1.62

Mean 71.89 18.28 19.31 2.59 3.82 2.01

Upper 84.47 26.36 26.10 3.03 4.29 2.40

BUILDING PERFORMANCE SIMULATION

This  section  begins  with  a  description  of  the  building  performance  simulation
procedures.  While  the  previous  section  showed  the  operational  schedules,  this
section  shows the  settings  for  the  simulation  experiments  by  considering  those
schedules as input variables, along with other operational inputs as well.

Building Simulation Programme

The EnergyPlus™ v. 9.3 [33] was used as the simulation engine to perform the
calculations. This programme was developed from other simulation programmes
(e.g.  BLAST  and  DOE-2)  by  the  U.S.  Department  of  Energy’s  (DOE)  and  is
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maintained  by  the  National  Renewable  Energy  Laboratory  (NREL).  The
programme is a mathematical model with a complex formulation of the physical,
thermal, mechanical, optical phenomena to simulate the performance of a building
submitted to external/internal conditions.

The Sketchup tool and the OpenStudio programme [34] were used to develop the
geometry of the building model with some prior configurations. The IDF Editor
form  EnergyPlus  was  used  to  set  all  configurations  needed  to  simulate  the
required  models.

For  all  simulation  runs,  some  specific  classes  of  objects  were  used  from
EnergyPlus,  such  as:

Air Flow Network: this class of objects can simulate the airflow through thermal●

zones based on the input data from the openings and pressure coefficients for the
external  surfaces.  The  classes  of  “SimulationControl”,  “MultiZone:Zone”,
“MultiZone:Surface” and “MultiZone:Component:DetailedOpening” were used.
Ground  Domain:  this  class  of  objects  was  used  to  simulate  the  heat  transfer●

through  the  ground  with  the  floor  of  each  thermal  zone  of  the  building.  The
“Undisturbed Finite Difference” method was used to estimate the initial ground
temperatures.  Some properties  of  the  ground materials  should  be  informed to
perform the calculation.
HVAC PTHP: this object was used only in the “Hybrid Ventilation” mode. This●

represents a template for air-conditioning based on some information of the fans
and coils.
EMS (Energy Management System): this class of objects was used to provide●

specific controls regarding the hybrid ventilation, such as the setpoints for open
the windows and the conditions for operating the HVAC system based on the
occupancy and the operative temperatures.

Table 2 shows the general settings used for the building performance simulation
using the EnergyPlus™ programme.

Table 2. General simulation settings used for building performance simulations.

- EnergyPlus version = 9.3.
- Solar beam distribution = FullExterior
- Timestep = 6.
- Location: Latitude = -27.6°, Longitude = -48.55°, TimeZone = -3, Elevation = 2.0m.
- Surface convection algorithm = TARP (inside) and DOE-2 (outside).
- Heat balance algorithm = Condution Transfer Function (CTF).
- Ground reflectance = 0.2 (for all months).
- Wind pressure coefficients = Swami and Chandra [35] equations for low rise buildings.
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Building Model

The  chosen  building  model  was  a  reference  building  for  the  Brazilian  social
housing programme called “Minha Casa Minha Vida” of the Federal Government.
This Government social programme established limits for the building size and
cost to provide public funding with low-interest rates. The building design was
given by the Brazilian Bank “Caixa Econômica Federal”, responsible for funding
the construction of social housing through the country. The building has 41,87m2

of useful area, with two bedrooms, living room, kitchen, and a bathroom.

The actual building design has an attic with a gable roof condition. Fig. (8) shows
the design floor plan, along with the North axis and the roof projection. It should
be  emphasized  that  the  construction  materials  and  layers  are  defined  in  the
simulation  programme  as  numerical  information,  not  as  a  visual  aspect  of  the
model.  That  is  why  the  roof  was  simplified  as  a  flat  roof  in  the  drawing,  but
considered with all  its thermal properties of a gable roof with an air gap in the
model. This model is considered as a reference model. In the further sections, the
simulation  experiment  will  be  explained  along  with  the  changing  of  some
parameters  for  each  scenario.

Fig. (8). Building Model (a) building floor plan and (b) Open Studio 3D model.
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CONSTRUCTION AND MATERIALS

The  reference  model  was  varied  into  five  different  construction  systems,  i.e.,
different construction components for its walls, roof and floor. The variation of
the  construction  components  aims  to  observe,  in  the  further  simulation
experiment, what would be the effects of the operational uncertainties by varying
the construction and materials.

Some  materials  were  selected  for  developing  a  set  of  different  construction
components. Table 3 shows the materials used, in which construction they were
considered,  and information regarding the density  (ρ),  thermal  conductivity  (λ)
and specific heat (c). Table 4 shows the construction components created for this
study,  for  walls,  roofs  and  floor  with  the  calculated  properties  of  thermal
transmittance (U), thermal capacity (Ct), solar absorptance (α) and total thickness
of the element. Table 5 shows the construction system used in each scenario and
which construction component is considered in each case.

Table 3. Materials used for creating the construction, along with thermal properties.

Material Construction ρ (kg/m3) λ (W/mK) c (kJ/kgK)

Asbestos tile Roof_1, Roof_2 2000.0 0.95 0.84

Cast concrete Wall_4a 2400.0 1.75 1.00

Cast concrete Wall_4b, Roof_3, Roof_4, Floor_1 2200.0 1.75 1.00

Cement board Wall_2 1500.0 0.65 0.84

Cement mortar Wall_3 2100.0 1.15 1.00

Ceramic (for brickwork) Wall_3 1300.0 0.90 0.92

Ceramic (for brickwork) Wall_5a, Wall_5b 2000.0 1.05 0.92

Ceramic (for floor) Floor_1 1200.0 0.90 0.92

Ceramic (for roof tile) Roof_3, Roof_4 1400.0 0.90 0.92

OSB Wall_1, Roof_1 550.0 0.12 2.30

Plasterboard Wall_2, Roof_2 900.0 0.35 0.84

Rock wool insulation Wall_2, Wall_5a, Roof_2, Roof_4 80.0 0.05 0.75
Where: ρ is the density, λ is the thermal conductivity and c is the specific heat.

Table  4.  Construction  components  and layers  for  walls,  roofs  and floor,  along  with  information  of
thermal properties.

Construction Layers U
[W/m2K]

Ct
[kJ/m2K] α [-] Thickness

[cm]

Wall_1 OSB + air gap + OSB 1.72 37.9 0.5 5.0
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Wall_2
Cement board + rock wool insulation +

plasterboard 0.90 30.4 0.5 6.7

Wall_3
Cement mortar + hollow brickwork +

cement mortar 2.59 94.2 0.5 11.5

Wall_4a On site cast concrete 3.91 360.0 0.5 15.0

Wall_4b On site cast concrete 4.64 176.0 - 8.0

Wall_5a
Massive brickwork single + rock wool
insulation + Massive brickwork double 0.81 352.0 0.5 23.0

Wall_5b Massive brickwork double 3.30 257.6 - 14.0

Roof_1 Asbestos tile + air gap + OSB ceiling 1.96 22.7 0.6 -

Roof_2
Asbestos tile + air gap + rock wool

insulation + plasterboard ceiling 0.74 21.0 0.6 -

Roof_3 Ceramic tile + air gap + concrete slab 2.10 188.9 0.6 -

Roof_4
Ceramic tile + air gap low-e + rock wool

insulation + concrete slab 0.57 191.3 0.6 -

Floor Ceramic + concrete 5.08 187.0 - 9.0
Where: U is the thermal transmittance, Ct is the thermal capacity, α is the solar absorptance.

Table 5. Construction system used in the simulation experiment.

Construction
System
Setting Type

External
Wall

Internal
Wall Roof Floor Windows Doors

1 Wood
framework Light Wall_1 Wall_1 Roof_1

Floor_1
Simple

transparent
3mm glass

Wooden
door

2 Light steel
framing

Light and
insulated Wall_2 Wall_2 Roof_2

3
Masonry of

hollow
brickwork

Medium Wall_3 Wall_3
Roof_3

4 Cast concrete Heavy Wall_4a Wall_4b

5

Masonry of
double
massive

brickwork
with insulation

Heavy and
insulated Wall_5a Wall_5b Roof_4

The values for each thermal property and the calculation methods were estimated
based on the Brazilian standard NBR 15220-2 [36].

Thus,  five  different  construction  systems  were  considered,  as  being  (1)  wood
framework  –  lightweight,  (2)  Light  steel  framing  (light  and  insulated),  (3)
masonry of hollow brickwork – medium weight, (4) cast concrete – heavyweight,

(Table 4) cont.....
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and  (5)  masonry  of  double  massive  brickwork  with  insulation  –  heavy  and
insulated.  The  same  composition  of  the  floor,  window  glass  and  doors  was
considered  for  all  construction  systems.

Climate Consideration

As  the  data  acquisition  was  performed  in  the  Florianópolis  region,  this  study
considered only this specific climate for the simulation experiments. Florianópolis
has  a  humid  subtropical  climate  and  is  located  at  the  littoral  region  of  Santa
Catarina,  southern  Brazil.  According  to  the  Köppen-Geiger  [37]  climate
classification,  the  weather  has  the  Cfa  type  (subtropical  humid).

Fig. (9). Weather data for Florianópolis-SC: dry bulb, wet bulb and comfort zone temperatures, global and
diffuse solar radiation and relative humidity for an average day for each month – according to the INMET
weather file.

Based on the INMET (Brazil’s National Institute of Meteorology) weather file of
Florianópolis [38], some descriptive statistics were calculated for understanding
this  climate.  Fig.  (9)  shows  the  relative  humidity,  global  and  diffuse  solar
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radiation, dry bulb and wet bulb temperatures, and the thermal comfort interval
for the operative temperatures. The climate has well-defined seasons (i.e. summer
and winter); the humidity is high for the entire year, always between 60%-80%
for the average day in each month; the solar radiation varies among the seasons,
achieving  the  highest  value  in  February  and  the  lowest  in  July.  The  thermal
comfort interval for each month was calculated by using the ASHRAE Standard
55 adaptive method [39] for 80% acceptability.

Fig. (10) shows information about wind direction and speed. The North and South
directions showed the greatest frequency of occurrence of wind, while the highest
speed  was  noticed  in  the  Northeast  and  South  directions.  This  information  is
relevant because the building is naturally ventilated and the “Air Flow Network”
object  from EnergyPlus™ considers  all  information of  the  wind to  provide  the
calculation of air changes in the thermal zones. In the same sense, the building
was oriented in the North-South axis, which showed the most frequency of wind
for this weather file.

Fig. (10).  Weather data for Florianópolis-SC: wind direction and wind speed for each main orientation –
according to the INMET weather file.

Simulation Experiments

The  simulation  experiment  comprehended  a  set  of  simulation  with  different
purposes concerning the identification of influent  variables on the performance
criteria and the estimation of the amplitudes of uncertainty due to the occupant
behaviour.  Two  modes  of  environmental  conditioning  were  adopted:  natural
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ventilation and hybrid ventilation modes. The objects of “Air Flow Network” and
“Energy  Management  System”  were  used  from  EnergyPlus™  computer
programme  to  properly  configure  these  modes.

Fig.  (11)  shows  the  flowchart  of  the  simulation  experiments.  For  each  mode
(natural ventilation or hybrid ventilation) two experiments were performed: global
sensitivity  analysis  and  uncertainty  analysis.  Each  experiment  demanded  a
separated  sample  of  inputs  to  be  simulated  in  the  EnergyPlus  programme  and
different data treatment strategies.

Different approaches were needed due to the different purposes of the analyses.
The  global  sensitivity  analysis  with  the  variance-based  methods  is  useful  to
calculate  total  sensitivity  indices  with  high  accuracy,  by  considering  the  first-
order  effects  and  interaction  between  the  input  variables  [40].  The  uncertainty
analysis  performed with random sampling techniques is  needed to  estimate  the
confidence  interval  for  the  outputs  due  to  the  variation  of  the  input  variables,
which can be defined as a forward propagation (model prediction), according to
Tian et al. [41].

Fig. (11). Flowchart of the simulation experiment. Where: GSA is “Global Sensitivity analysis” and UA is
“Uncertainty Analysis”.
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Natural Ventilation Mode

For the natural ventilation mode, the openings were set to be operated based on
the outdoor air temperatures, the indoor air temperatures and on the availability
schedule for each thermal zone (i.e. room).

Fig. (12) shows the algorithm of the Air Flow Network for the natural ventilation
mode.  Three  conditions  must  be  fulfilled  in  each  timestep  of  the  simulation  to
enable  natural  ventilation.  The  first  is  that  the  dry-bulb  temperature  should  be
higher than a set point temperature (Tdb > SetpointNV); the second is the dry-bulb
temperature should be lower than the indoor air temperature of the thermal zone
(Tdb < Tair,zone); the third is that the availability schedule should be different of 0
(zero).  If  any  of  these  conditions  are  not  fulfilled  simultaneously  for  each
timestep,  the  natural  ventilation  is  set  off.

This mechanism is based only in the verification of air temperatures, not operative
temperatures, and represents the “native” configuration from EnergyPlus. In this
case,  the  availability  schedules  are  the  schedules  created  for  operating  the
windows  and  doors  for  each  room.  Some  values  were  taken  from  the  new
proposal of the Brazilian regulation for residential buildings [42], such as: the air
mass flow coefficient when the opening is closed was 0.001 kg/s.m; the air mass
flow exponent when the opening is closed was 0.66; the discharge coefficient for
1.0  opening  factor  was  0.60.  The  SetpointNV  input  is  considered  as  an
independent  variable  for  the  experiment.

Table 6,  shows the input  variables  considered for  the natural  ventilation mode,
with the levels defined for the two experiments (global sensitivity analysis and
uncertainty analysis). 30 input variables were defined, according to Table 6, all of
them are related to operational characteristics of the building. Some details of the
input variables are shown below:

Table  6.  Input  variables  for  natural  ventilation  mode  for  the  two  experiments:  global  sensitivity
analysis (GSA) and uncertainty analysis (UA).

Parameter ID Unit Reference Global SA LHS UA

Number of occupants
(house) NumOcc occupants 4 D{2; 4; 6}

D{(2; 4; 6)(0.2; 0.6;
0.2)}

Radiant fraction of
occupants (house) RadFOcc - 0.6

D{0.27; 0.435;
0.60}

T{0.27; 0.435;
0.60}

Activity level of
occupants (bedroom) ActOccBed W/person 72

D{72; 76.5 ;
81} T{72; 76.5 ; 81}
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Parameter ID Unit Reference Global SA LHS UA

Schedules of occupancy
(bedroom) SchOccBed hours/year 3229

D{2684; 3229;
4009}

D{(2684; 3229;
4009)(0.2; 0.6;

0.2)}

Activity level of
occupants (living room) ActOccLiv W/person 108

D{81; 103.5;
126} T{81; 103.5; 126}

Schedules of occupancy
(living room) SchOccLiv hours/year 1785

D{889; 1785;
2996}

D{(889; 1785;
2996)(0.2; 0.6;

0.2)}

Activity level of
occupants (kitchen) ActOccKit W/person 126

D{108; 117;
126} T{108; 117; 126}

Schedules of occupancy
(kitchen) SchOccKit hours/year 1623

D{498; 1623;
3072}

D{(498; 1623;
3072)(0.2; 0.6;

0.2)}

Average power of
equipment (bedroom) PwEquipBed W/m2 18.28

D{10.21;
18.28; 26.36}

T{10.21; 18.28;
26.36}

Average power of
equipment (living room) PwEquipLiv W/m2 19.31

D{12.51;
19.31; 26.10}

T{12.51; 19.31;
26.10}

Average power of
equipment (kitchen) PwEquipKit W/m2 71.89

D{59.30;
71.89; 84.47}

T{59.30; 71.89;
84.47}

Radiant fraction of
equipment (house) RadFEquip - 0.5

D{0.3; 0.55;
0.8} T{0.3; 0.55; 0.8}

Average power of
lighting (bedroom) PwLightBed W/m2 3.82

D{3.35; 3.82;
4.29} T{3.35; 3.82; 4.29}

Schedules of lighting
(bedroom) SchLightBed hours/day 1.167

D{0.584;
1.167; 1.686}

D{(0.584; 1.167;
1.686)(0.2; 0.6;

0.2)}

Average power of
lighting (living room) PwLightLiv W/m2 2.01

D{1.62; 2.01;
2.40} T{1.62; 2.01; 2.40}

Schedules of lighting
(living room) SchLightLiv hours/day 2

D{1.5; 2.0;
3.2}

D{(1.5; 2.0;
3.2)(0.2; 0.6; 0.2)}

Average power of
lighting (kitchen) PwLightKit W/m2 2.59

D{2.16; 2.59;
3.03} T{2.16; 2.59; 3.03}

Schedules of lighting
(kitchen) SchLightKit hours/day 3

D{2.0; 3.0;
3.5}

D{(2.0; 3.0;
3.5)(0.2; 0.6; 0.2)}

Radiant fraction of
luminaires (house) RadFLum - 0.72

D{0.37; 0.545;
0.72}

T{0.37; 0.545;
0.72}

Set point temp. for
ventilation control

(except over winter) SetpointNV °C 20
D{18; 20; 22;

24}

D{(18; 20; 22;
24)(0.1, 0.4, 0.4,

0.1)}

(Table 6) cont.....
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Parameter ID Unit Reference Global SA LHS UA

Set point temp. for
ventilation control over

winter SetpointNVwinter °C 22
D{18; 20; 22;

24}

D{(18; 20; 22;
24)(0.1, 0.4, 0.4,

0.1)}

Window opening factor OpenFactorW - 0.5
D{0.3; 0.5; 0.7;

0.9} T{0.3; 0.6; 0.9}

Temp. difference lower
limit for maximum

opening factor TempDiffOpenLL °C 0 D{0; 2; 4}
D{(0; 2; 4)(0.2; 0.6;

0.2)}

Temp. difference upper
limit for minimum

opening factor TempDiffOpenUL °C 40
D{10; 20; 30;

40}
D{(10; 25; 40)(0.2;

0.6; 0.2)}

Availability sch.
operation of windows

(bedroom) AvailWBed hours/year 3683
D{2954; 3683;

4206}

D{(2954; 3683;
4206)(0.2; 0.6;

0.2)}

Availability sch.
operation of windows

(living room) AvailWLiv hours/year 2239
D{1627; 2239;

2739}

D{(1627; 2239;
2739)(0.2; 0.6;

0.2)}

Availability sch.
operation of windows

(kitchen) AvailWKit hours/year 4058
D{3330; 4058;

5200}

D{(3330; 4058;
5200)(0.2; 0.6;

0.2)}

Availability sch.
operation of doors

(bedroom) AvailDBed hours/year 5099
D{3799; 5099;

5978}

D{(3799; 5099;
5978)(0.2; 0.6;

0.2)}

Availability sch.
operation of doors

(living room) AvailDLiv hours/year 2434
D{1630; 2434;

3384}

D{(1630; 2434;
3384)(0.2; 0.6;

0.2)}

Availability sch.
operation of doors

(kitchen) AvailDKit hours/year 3255
D{2232; 3255;

4510}

D{(2232; 3255;
4510)(0.2; 0.6;

0.2)}

- The NumOcc variable represents the number of occupants of the house, which
was divided by the rooms.  When the input  is  equal  to  2,  each room receives  1
occupant  and  when  the  value  is  6,  each  bedroom  receives  3  occupants.  This
consideration  is  based  on  the  uncertainty  in  the  number  of  occupants  in  the
dwelling.

-  The RadFOcc represents  the  radiant  fraction of  the  occupants,  which was  set
between  0.27  –  0.60  according  to  the  Handbook  of  Fundamentals  [43].  This
variable  is  related  to  the  thermal  heat  transfer  by  the  radiation  phenomena and
interferes in the heat balance of the room.

(Table 6) cont.....
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Fig. (12). Natural ventilation function settings for Air Flow Network object. Where: SetpointNV is the air
temperature setpoint for natural ventilation; NV is natural ventilation.

-  The  activity  level  (i.e.  metabolic  rate)  was  set  for  each  room  based  on  the
activity. An interval from 72 – 81 W/person was set for the bedroom, 81 – 126
W/person  for  the  living  room  and  108  –  126  W/person  for  the  kitchen.  These
values are based on the tables from [43] and are related to the uncertainty in the
internal heat gains with the occupants.

- The radiant fraction of equipment and luminaires were set as a reference value of
0.50 and 0.72, respectively, based on the recommendation from the EnergyPlus
Input/Output Reference manual. Different intervals were set for each experiment
to  represent  uncertainties  regarding  the  types  of  equipment  and  luminaires
disposal.

- The windows opening factor was varied from 0.3 – 1.0 to represent the fraction
of the window opened, which depends on the type of fenestration and behavioural
patterns.  In  this  sense,  two  setpoint  variables  were  defined  to  modulate  this
opening  factor  for  summer  or  winter.
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- The setpoint for operating the openings and enable natural ventilation was varied
from  18°C  –  24°,  separately  for  summer  and  winter  periods.  This  is  the
SetpointNV  variable  from  Fig.  (12)  and  enables  natural  ventilation  when  the
outdoor  air  temperature  is  higher  than  the  temperature  setpoint  value.

-  All  the  further  variables  were  defined  previously,  and  are  represented  by  the
lower,  mean/median  and  upper  values:  SchOccBed,  SchOccLiv,  SchOccKit,
SchLightBed,  SchLightLiv,  SchLightKit,  AvailWBed,  AvailWLiv,  AvailWKit,
AvailDBed,  AvailDLiv,  AvailDKit,  PwEquipBed,  PwEquipLiv,  PwEquipKit,
PwLightBed,  PwLightLiv,  PwLighKit.

Hybrid Ventilation Mode

The hybrid ventilation algorithm was adopted from the Brazilian new proposal of
an energy efficiency labelling for residential buildings [42]. Fig. (13) shows the
algorithm; a first verification of the zone operative temperature is performed, and
the natural ventilation is only enabled when the operative temperature is within
the  comfort  range  (lower  than  EMSOperativeUL  and  greater  than
EMSOperativeLL, which were independent variables for this mode). In this case,
the verification of the outdoor air temperature with the setpointNV and with the
zone air temperature is also performed, the same way as for the previous mode. If
the zone operative temperature is outside the comfort range (TRUE arrow), the
verification  of  the  occupancy  schedule  is  performed:  if  there  is  occupancy
(TRUE) the HVAC is set on, if there is no occupancy (FALSE) the HVAC is set
off. This verification is performed for each timestep and each room separately.

The  same  properties  for  the  windows,  doors  and  pressure  coefficients  were
maintained in this hybrid ventilation mode such as in the natural ventilation mode.

Table  7  shows  the  input  variables  considered  for  the  hybrid  ventilation  mode.
Most of the variables are the same as the natural ventilation mode, except those
related to the EMS settings and the air-conditioning objects.

Table  7.  Input  variables  for  hybrid  ventilation  mode  for  the  two  experiments:  sensitivity  analysis
(GSA) and uncertainty analysis (UA).

Parameter ID Unit Reference Global SA LHS UA

Number of occupants
(house)

NumOcc occupants 4 D{2; 4; 6} D{(2; 4; 6)(0.2; 0.6;
0.2)}

Radiant fraction of
occupants (house)

RadFOcc - 0.6 D{0.27; 0.435;
0.60}

T{0.27; 0.435;
0.60}

Activity level of
occupants (bedroom)

ActOccBed W/person 72 D{72; 76.5 ;
81}

T{72; 76.5 ; 81}
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Parameter ID Unit Reference Global SA LHS UA

Schedules of occupancy
(bedroom)

SchOccBed hours/year 3229 D{2684; 3229;
4009}

D{(2684; 3229;
4009)(0.2; 0.6;

0.2)}

Activity level of
occupants (living room)

ActOccLiv W/person 108 D{81; 103.5;
126}

T{81; 103.5; 126}

Schedules of occupancy
(living room)

SchOccLiv hours/year 1785 D{889; 1785;
2996}

D{(889; 1785;
2996)(0.2; 0.6;

0.2)}

Activity level of
occupants (kitchen)

ActOccKit W/person 126 D{108; 117;
126}

T{108; 117; 126}

Schedules of occupancy
(kitchen)

SchOccKit hours/year 1623 D{498; 1623;
3072}

D{(498; 1623;
3072)(0.2; 0.6;

0.2)}

Average power of
equipment (bedroom)

PwEquipBed W/m2 18.28 D{10.21;
18.28; 26.36}

T{10.21; 18.28;
26.36}

Average power of
equipment (living room)

PwEquipLiv W/m2 19.31 D{12.51;
19.31; 26.10}

T{12.51; 19.31;
26.10}

Average power of
equipment (kitchen)

PwEquipKit W/m2 71.89 D{59.30;
71.89; 84.47}

T{59.30; 71.89;
84.47}

Radiant fraction of
equipment (house)

RadFEquip - 0.5 D{0.3; 0.55;
0.8}

T{0.3; 0.55; 0.8}

Average power of
lighting (bedroom)

PwLightBed W/m2 3.82 D{3.35; 3.82;
4.29}

T{3.35; 3.82; 4.29}

Schedules of lighting
(bedroom)

SchLightBed hours/day 1.167 D{0.584;
1.167; 1.686}

D{(0.584; 1.167;
1.686)(0.2; 0.6;

0.2)}

Average power of
lighting (living room)

PwLightLiv W/m2 2.01 D{1.62; 2.01;
2.40}

T{1.62; 2.01; 2.40}

Schedules of lighting
(living room)

SchLightLiv hours/day 2 D{1.5; 2.0;
3.2}

D{(1.5; 2.0;
3.2)(0.2; 0.6; 0.2)}

Average power of
lighting (kitchen)

PwLightKit W/m2 2.59 D{2.16; 2.59;
3.03}

T{2.16; 2.59; 3.03}

Schedules of lighting
(kitchen)

SchLightKit hours/day 3 D{2.0; 3.0;
3.5}

D{(2.0; 3.0;
3.5)(0.2; 0.6; 0.2)}

Radiant fraction of
luminaires (house)

RadFLum - 0.72 D{0.37; 0.545;
0.72}

T{0.37; 0.545;
0.72}

Set point temp. for
ventilation control

SetpointNV °C 22 D{18; 20; 22;
24}

D{(18; 20; 22;
24)(0.1, 0.4, 0.4,

0.1)}

Window opening factor OpenFactorW - 0.5 D{0.3; 0.5; 0.7;
0.9}

T{0.3; 0.6; 0.9}

(Table 7) cont.....
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Parameter ID Unit Reference Global SA LHS UA

Temperature difference
lower limit for maximum

opening factor

TempDiffOpenLL °C 0 D{0; 2; 4} D{(0; 2; 4)(0.2; 0.6;
0.2)}

Temperature difference
upper limit for minimum

opening factor

TempDiffOpenUL °C 40 D{10; 20; 30;
40}

D{(10; 25; 40)(0.2;
0.6; 0.2)}

Upper limit for operative
temperature EMS

EMSOperativeUL °C 26 D{24; 26; 28} D{(24; 26; 28)(0.2;
0.6; 0.2)}

Lower limit for operative
temperature EMS

EMSOperativeLL °C 16 D{16; 18; 20} D{(16; 18; 20)(0.2;
0.6; 0.2)}

Heating Thermostat
HVAC

HeatingHVAC °C 18 D{18; 19; 20} D{(18; 19; 20)(0.2;
0.6; 0.2)}

Cooling Thermostat
HVAC

CoolingHVAC °C 23 D{23; 24; 25} D{(23; 24; 25)(0.2;
0.6; 0.2)}

Fig. (13). Hybrid ventilation function settings for Air Flow Network, HVAC PTHP and EMS objects. Where:
EMSOperativeLL is the operative temperature lower limit for the room; EMSOperativeUL is the operative
temperature upper limit for the room; SetpointNV is the air temperature setpoint for natural ventilation; NV is
natural ventilation.

Obs.: the code between brackets {} indicates the probability distribution set for
each experiment. E.g. : D{2; 3; 4; 5; 6} indicates a discrete distribution and the
respective levels;  D{0.27 – 0.60} 10 lv  indicates  that  the  interval  from 0.27 to

(Table 7) cont.....
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0.60 was divided into 10 equal discrete values; T{0.27; 0.435; 0.60} indicates the
continuous triangular distribution.

The  EMSOperativeLL  and  EMSOperativeUL  are  input  variables  that  can●

modulate  the  hybrid  ventilation  and  they  were  varied  in  16  –  22°C  and  24  –
30°C,  respectively,  with  a  discrete  distribution.  The  greater  amplitude
combination  would  be  16  to  30°C  (i.e.  the  comfort  zone),  and  the  narrower
combination would be 22 to 24°C of operative temperatures. When the comfort
zone has greater amplitude, the HVAC tends to be less used.
The heating and cooling thermostat for the HVAC was also varied, to represent●

different  preferences  for  the  occupants  regarding  the  thermal  adaptation  and
sensation. For the uncertainty analysis, the heating setpoint was varied from 18 –
20°C, and the cooling setpoint was varied from 23 – 25°C.

Output Variables

The output variables were different for each conditioning mode. For the natural
ventilation mode, the EnergyPlus programme calculated the outdoor air dry-bulb
temperatures, the room operative temperatures and the occupancy status for each
timestep. This enables the calculation of four different performance criteria: the
percentage of discomfort hours for heating, the percentage of discomfort hours for
cooling, the degree-hours for heating and the degree-hours for cooling. Eqs. (5 –
8) shows the performance criteria calculated for each room, while eq. (9) shows
the calculation of  the  weighted average applied to  each criterion for  the  rooms
weighted by the floor area.

The  lower  and  upper  limits  for  thermal  comfort  were  determined  using  the
adaptive method from the ASHRAE Standard 55 [39]. The prevailing outdoor air
temperature was considered as the monthly averages of air temperatures for the
Florianópolis weather file, and the lower and upper limits were calculated using
the 80% acceptability equation. Fig. (9) has already shown the thermal comfort
interval, along with the weather variables.

PDHH and PDHC are  thermal  comfort  indices  that  represent  the  percentage of
discomfort (weighted average) for the house. The value is a fraction between 0
and 1, and the sum of the two measures represents the total discomfort hours of
the house concerning the occupied hours. The DHH and DHC are thermal comfort
indices which represent both the discomfort period and the severity of discomfort.
These indices represent long-term thermal comfort evaluation and were reported
by ISO 7730 [44].
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(5)

(6)

(7)

(8)

(9)

Where: i is each occupied hour for each room; Top,i is the operative temperature of
each room for each occupied hour; Tll,month is the monthly lower limit of operative
temperature for comfort [°C]; is the monthly upper limit of operative temperature
for comfort [°C]; Tul,month is the percentage of discomfort hours for heating of each
room [-]; PDHCroomis the percentage of discomfort hours for cooling of each room
[-];  DHHroomis  the  degree-hours  for  heating of  each room [°Ch];  DHCroom  is  the
degree-hours for cooling of each room [°Ch];  Aroom  is  the room floor area [m2];
IndicesNVroom  represent  IndicesNVK  each  performance  criteria  for  the  rooms;
represent each performance criteria for the house (PDHH, PDHC, DHH, DHC).

For the hybrid ventilation mode, the same performance criteria were calculated
along with the additional criteria related to the HVAC. Eqs (10 – 11) show the
thermal loads calculated for heating and cooling of the house and eq. (12) shows
the total electricity consumption of the house due to the HVAC system.

(10)

(11)

(12)
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Where: TLHroom is the annual thermal load with heating for each room [kWh/year];
TLCroom is the annual thermal load with cooling for each room [kWh/year]; is the
total  electricity  consumption  of  the  HVAC  for  each  room  [kWh/year];  is  the
annual thermal load with heating for the house [kWh/year]; TELCroom is the annual
thermal load with cooling for the house [kWh/year]; TLH is the total electricity
consumption of the HVAC for the house [kWh/year].

Statistical Methods and Data Treatment

Two  statistical  techniques  were  used  for  the  experiment:  global  sensitivity
analysis  (GSA)  and  uncertainty  analysis  (UA).  These  techniques  enable,  in
general,  to  understand  the  relative  influence  of  each  input  variable  in  some
specific  performance  criterion  and  to  quantify  the  uncertainties  due  to  the
variation in the inputs. However, two different sensitivity analysis methods were
coupled to explore, more deeply, the relations between inputs and output, which is
also one of the capabilities of these methods that enable a better understanding of
the  model  [45].  The  global  sensitivity  analysis  chosen  was  the  Sobol’-Jansen
method,  proposed  by  Saltelli  et  al.  [46]  using  the  Jansen  [47]  estimator  to
compute  the  total  sensitivity  indices.  The  Sobol’  approach  is  a  variance-based
technique, which is a model-free approach and can deal with non-linear effects
and  interaction  between  inputs.  This  approach  was  implemented  with  the  R
package  “sensitivity”  and  the  “soboljansen”  function,  developed  by  [48].

This  approach  is  gaining  space  in  the  literature,  especially  due  to  some  recent
publications [49 - 51].

For the uncertainty analysis, the Latin Hypercube sampling technique was used by
considering  the  input  variables  as  being  continuous  (triangular  distribution)  or
discrete. The sampling procedure was implemented with the R package “pse” and
the function “LHS” developed by Chalom et al. [32] with the mathematical model
from [52].

The data processing and data treatment was performed by using R programming
and generating EnergyPlus input files for simulations. For the natural ventilation
mode, 3200 simulation runs were performed for each construction system for the
global  sensitivity  analysis,  totalling  16,000  runs.  For  the  uncertainty  analysis,
3000 runs were performed for each construction system, totalling 15,000 runs. For
the hybrid ventilation mode, 2900 runs were performed for the global sensitivity
analysis  for  each  construction,  totalling  14,500  runs.  And  for  the  uncertainty
analysis,  3000  runs  were  performed  for  each  construction  system,  generating
15,000  runs.
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For each analysis, the following procedure was sought:

By having  the  reference  model  built  on  the  Sketchup  OpenStudio  plugin,  the●

“IDF” file is set for the two conditioning modes.
Each “IDF” file is parametrized, i.e., some inputs are treated as variables with●

specific key identification. These variables are different for each analysis (GSA
and UA).
For each analysis, an R script is run for creating the required sample by using●

the input variables distribution and sample size needed. These samples of inputs
are formatted to stay at the exact format for using in the “IDF” file.
Another R script is run to create as many “IDF” files as the sample size for each●

analysis, by having both the reference parametrized “IDF” and the sample with
the key identification for each input variable.
The group simulation tool is used to run many simultaneous simulations in the●

EnergyPlus programme. Many output variables in “csv” format are generated for
each simulation run.
An  R  script  is  run  to  treat  all  the  “csv”  files  to  calculate  the  required●

performance criteria for each run. In the end, a unique “csv” file is created with
the summarized data for all the results of each analysis.
The  dependent  variables  calculated  from the  simulation  are  inserted  in  the  R●

scripts for calculating or treating the results for each analysis: by creating charts
and  graphs,  calculating  sensitivity  indices  or  descriptive  statistics  for  the
outputs.

RESULTS AND DISCUSSION

The  results  section  was  separated  by  the  two  conditioning  modes  (natural  or
hybrid  ventilation)  and  by  each  performed  experiment  (global  sensitivity  and
uncertainty analyses). It should be emphasized that many figures and tables were
included to effectively transmit the integrity of the analyses and to help the reader
to  understand  the  capabilities  and  peculiarities  of  each  one,  although  it  can
become  quite  extensive  to  interpret.

Natural Ventilation Mode

In this first conditioning mode (natural ventilation) one should remember that the
performance  criteria  are  only  related  to  comfort  conditions  and  no  HVAC
consumption  are  considered,  and  30  input  variables  were  considered.  The
performance criteria evaluated were: PDHH – the percentage of discomfort hours
for  heating;  PDHC  –  the  percentage  of  discomfort  hours  for  cooling;  DHH  –
degree-hours for heating; and DHC – degree-hours for cooling.
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Global Sensitivity Analysis

The  global  sensitivity  analysis  was  reported  by  showing  the  total  sensitivity
indices  (St)  from  the  Sobol’-Jansen  method  for  each  performance  criteria  and
each  construction  system.  One  can  see  that,  as  expected,  only  a  few  input
variables  are  responsible  for  the  most  variation  in  the  performance  criteria,
especially  for  the  heating  case.

Fig.  (14)  shows the  total  sensitivity  indices  (St)  for  the  variables  in  the  PDHH
criterion. It was clear that the number of occupants of the house (NumOcc) was
the  most  influent  variable.  However,  for  the  construction  5,  the  second  most
influent variable was the setpoint temperature for allowing natural ventilation in
the  winter  (SetpointNVwinter),  while  the  second  in  the  rank  for  the  other
construction  system  was  the  schedule  of  occupancy  in  the  bedrooms
(SchOccBed). The same behaviour was observed for the DHH criterion (Fig. 16).

Fig.  (14).  Sobol’  Total  sensitivity  indices  (St)  of  the  operational  input  variables  for  the  Percentage  of
discomfort hours for heating (PDHH) for the global sensitivity analysis in the natural ventilation mode.

Fig.  (15)  shows the total  sensitivity indices (St)  for  the PDHC, while  Fig.  (17)
shows the same for the DHC criterion. For the PDHC criteria, the most influent
variable  was  different  for  each  construction  system.  For  construction  5,  the
“OpenFactorW”  was  the  most  influent,  followed  by  the  “NumOcc”;  for
construction  2,  the  “OpenFactor”  was  the  most  influent  followed  by  the
SchOccBed; and for  construction 1,  3 and 4 the most  influent  variable was the
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“SchOccBed” followed by the OpenFactorW. This indicated a relatively second-
order  effect  of  the most  influential  variables  with the construction system. The
degree-hours for cooling (DHC) showed the same pattern of the PDHC criterion.

Fig.  (15).  Sobol’  Total  sensitivity  indices  (St)  of  the  operational  input  variables  for  the  Percentage  of
discomfort hours for cooling (PDHC) for the global sensitivity analysis in the natural ventilation mode.

Fig. (16).  Sobol’ Total sensitivity indices (St) of the operational input variables for the Degree-hours for
heating (DHH) for the global sensitivity analysis in the natural ventilation mode.
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Fig. (17).  Sobol’ Total sensitivity indices (St) of the operational input variables for the Degree-hours for
cooling (DHC) for the global sensitivity analysis in the natural ventilation mode.

Uncertainty Analysis

The uncertainty analysis was reported by showing the boxplot for the performance
criteria,  grouped  by  the  construction  system,  the  room  of  the  house  and  the
number  of  occupants  (NumOcc)  variable.  This  variable  was  chosen  because  it
represented  the  most  influent  variable  for  the  heating  related  criteria,  which
represented  the  most  important  criteria  for  this  climate,  and  due  to  the  sample
space chosen, which was discrete.

Fig. (18) shows the boxplot of the uncertainty analysis for the PDHH criterion.
This graph enables many considerations. First one can see that, by observing the
median values  of  the grouping,  the construction 5 showed better  results  (lower
PDHH) and lower uncertainty (lower amplitudes of the values).  Construction 2
also presented lower median values in some cases (especially for 6 occupants),
but showed higher uncertainty of the data. Second, the amplitude of the data (i.e.
the  uncertainty)  was  higher  for  constructions  1-4  than  for  the  construction  5,
which  indicate  that  the  construction  with  higher  thermal  capacity  and  lower
thermal transmittance was more robust to the operational uncertainties,  even in
the  natural  ventilation  condition.  Third,  the  living  room  presented  the  lower
median  values  for  PDHH  for  all  construction,  except  in  construction  5,  which
presented similar values compared to the other rooms. Fourth, the influence of the
number  of  occupants  in  the  uncertainty  is  noticeable,  as  the  boxplot  showed  a
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significant  difference  for  the  median  values  among  the  2,  4  and  6  levels  of
occupants. The range of uncertainty is quite high as it could be from 0.3 to 0.4
(i.e. 30% to 40%) of discomfort range due to the operational uncertainties.

Fig. (20) shows the boxplot for the DHH. Almost the same pattern was observed
compared to the PDHH criterion, except that the differences from the construction
among themselves were higher. The DHC values for construction 2 and 5 now are
very  distinct  from  the  other  construction.  Construction  5  performed  better,
followed by the 2, 4, 1 and 3, based on the median value for the whole house.

Fig. (19) shows the boxplot for the PDHC, and Fig. (21) shows it for the DHC
criterion.  For the PDHC criterion,  the boxplot  showed many outlier  points (i.e.
observations very distant from the median), which represents a high uncertainty
and discontinuity in the data. It seems that construction 4 showed the lower ranges
of uncertainty, but construction 5 showed the lower median values in general. It
should be noticed that the grouping variable (SchOccBed) was the most influent
only  for  some  construction,  not  for  the  construction  5.  In  this  case,  the
SchOccBed  did  not  show  a  well-defined  difference  for  the  living  room  (as
expected) but was chosen due to its relevance for the whole house. The range of
uncertainty is in the order of 0.05-0.10 (5-10%) of the percentage of discomfort
for cooling, which is relatively high in comparison to the median values. For the
DHC  criterion,  the  same  was  observed,  especially  concerning  the  difference
among  rooms  and  the  distance  from the  boxes  in  respect  to  the  “SchOccBed”.
However,  for this criterion, construction 4 and 5 showed the lowest values and
uncertainties,  which  was  different  from  the  previous  criterion  PDHC.  In  this
sense, one can observe that even if the percentage of discomfort hours could be
higher in some cases, the severity of the discomfort (in respect to the degree-hour
calculation) was not high for the construction 4 and 5. To summarize the findings:

By looking at the different rooms, one can see that the living room always had●

lower values for  the heating criteria  (PDHH and DHH) than the other  rooms,
while  the  living  room presented  higher  values  for  the  cooling  related  criteria
(PDHC and DHC), but it depends on the grouping variable.
The amplitude range is high for all rooms and grouping variable for PDHH but●

is  higher  for  construction  1,  3  and  4  for  the  DHH  criterion.  The  same  was
observed  for  PDHC,  which  have  high  amplitude  ranges  for  all  cases  but  had
lower ranges for construction 4 and 5 for DHC.
The influence of “NumOcc” in the heating criteria is noticed by the grouping●

variable, as it occurred in the case of the “SchOccBed” for the cooling criteria.
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Fig. (18). Boxplot of the Percentage of discomfort hours for heating (PDHH) grouped by the construction and
the number of occupants (NumOcc) for each room and the house.

Fig. (19). Boxplot of the Percentage of discomfort hours for cooling (PDHC) grouped by the construction and
the schedule of occupancy in the bedrooms (SchOccBed) for each room and the house.
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Fig. (20). Boxplot of the Degree-hours for heating (DHH) grouped by the construction and the number of
occupants (NumOcc) for each room and the house.

Fig. (21). Boxplot of the Degree-hours for heating (DHC) grouped by the construction and the schedule of
occupancy in the bedrooms (SchOccBed) for each room and the house.
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By calculating some statistical measures, Table 8 shows the main parameters for
understanding the behaviour of the data, divided by each performance criterion
and the construction system. Some considerations can be pointed out:

For  the  PDHH,  the  higher  amplitude  range  was  obtained  for  construction  1●

(0.2622), which indicates that there is an uncertainty of 26.22% for determining
the  percentage  of  discomfort  hours  for  heating  in  the  case  of  the  wood
framework system. The lowest range was obtained for construction 5, as being
11.79% of uncertainty in the comfort hours greatness. However, when looking at
the  coefficient  of  variation,  which  considers  both  the  mean  and  the  standard
deviation, the higher value was obtained for the construction 5, as being 107.8%,
followed by the construction 2 of 49.9%.
For the PDHC, the higher amplitude range was obtained for the construction 5●

(0.1229)  and  the  lowest  for  the  construction  4  (0.0466).  The  coefficient  of
variation  was  27.0%  for  construction  1  and  68.9%  for  construction  5.
In the case of DHH, the coefficient of variation was greater in construction 5 and●

lower  in  construction  3,  achieving  the  highest  range  in  the  construction  1
(1982.1  °Ch).
For  the  DHC,  the  coefficient  of  variation  was  greater  in  the  construction  5●

(89.0%) and lower in the construction 1 (50.0%).

Table 8. Descriptive statistics for the output variables of the house grouped by the construction for the
uncertainty analysis of the natural ventilation mode.

Construction Measure PDHH [-] PDHC [-] DHH [°Ch] DHC [°Ch]

1

min 0.1601 0.0186 753.9 29.4

max 0.4223 0.0996 2736.0 779.5

range 0.2622 0.0810 1982.1 750.1

median 0.2978 0.0455 1522.6 187.8

mean 0.2969 0.0469 1559.6 207.9

std.dev 0.0510 0.0127 393.5 103.9

coef.var 17.2% 27.0% 25.2% 50.0%

2

min 0.0125 0.0127 25.2 16.2

max 0.2579 0.1225 910.9 593.6

range 0.2454 0.1098 885.7 577.4

median 0.0884 0.0420 229.3 107.2

mean 0.0981 0.0437 275.8 122.7

std.dev 0.0489 0.0139 180.9 68.7

coef.var 49.9% 31.7% 65.6% 56.0%
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3

min 0.1842 0.0121 865.3 15.5

max 0.4031 0.0786 2673.4 496.4

range 0.2189 0.0665 1808.1 480.9

median 0.2994 0.0330 1591.1 117.5

mean 0.2987 0.0344 1620.0 131.3

std.dev 0.0412 0.0107 339.7 68.2

coef.var 13.8% 31.0% 21.0% 51.9%

4

min 0.1363 0.0050 569.4 4.8

max 0.3227 0.0516 1859.3 168.8

range 0.1864 0.0466 1289.9 164.0

median 0.2373 0.0180 1072.3 36.6

mean 0.2376 0.0189 1097.3 42.0

std.dev 0.0342 0.0065 234.8 23.6

coef.var 14.4% 34.6% 21.4% 56.2%

5

min 0.0000 0.0021 0.0 1.5

max 0.1179 0.1250 297.1 205.5

range 0.1179 0.1229 297.1 204.0

median 0.0128 0.0147 8.5 13.1

mean 0.0245 0.0177 28.0 17.9

std.dev 0.0264 0.0122 41.6 16.0

coef.var 107.8% 68.9% 148.4% 89.0%

Hybrid Ventilation Mode

In  this  second  air  conditioning  mode,  the  hybrid  ventilation  allowed  both  the
natural ventilation and the air conditioning system according to specific variable
conditions  throughout  the  timestep  of  the  simulation.  In  this  sense,  the
performance criteria were related to the thermal comfort (PDHH, PDHC, DHH
and  DHC)  and  the  HVAC  system  (TLH  –  thermal  loads  with  heating,  TLC  –
thermal  loads  with  cooling  and  TELC  –  total  electricity  consumption  of  the
HVAC).  Up  to  26  input  variables  were  considered.

(Table 8) cont.....
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Fig.  (22).  Sobol’  Total  sensitivity  indices  (St)  of  the  operational  input  variables  for  the  Percentage  of
discomfort hours for heating (PDHH) for the global sensitivity analysis in the hybrid ventilation mode.

Global Sensitivity Analysis

The global sensitivity analysis, to be succinct, showed the following results:

The most influent variable in the PDHH (Fig. 22) was the number of occupants●

(NumOcc).
For  the  DHH  (Fig.  24),  the  “NumOcc”  was  the  most  influent  variable  for●

constructions  1,  2  and  5,  while  the  HeatingHVAC  was  the  most  influent  for
constructions 3 and 4. Other variables such as the “EMSOperativeLL” has some
influence as well, especially in the construction 5.
The most  influent  variable for  the PDHC (Fig.  23)  was the “CoolingHVAC”.●

The  schedules  of  occupancy  (SchOccBed,  SchOccLiv)  and  the
“EMSOperativeUL”  also  have  some  influence.  The  construction  5  had  no
thermal  discomfort  for  cooling  in  this  hybrid  mode.
In the DHC (Fig. 25), the same variables showed to be influential, such as the●

“CoolingHVAC”,  “SchOccBed”,  “SchOccLiv”  and  the  “EMSOperativeUL”.
Construction  5  had  no  thermal  discomfort  for  cooling.
For  the  TLH  (Fig.  26),  the  “HeatingHVAC”,  “EMSOperatuveLL”  and●

“NumOcc” were the most influent variables for constructions 1, 3 and 4. In the
case of constructions 2 and 5, the “EMSOperativeLL” was the most influent for
the TLH criterion.
The “EMSOperativeUL” was the most influent variable for the TLC (Fig. 27),●
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followed by  the  “CoolingHVAC” and the  “SchOccLiv”.  The  TELC (Fig.  28)
performance criterion followed this same pattern.

Fig.  (23).  Sobol’  Total  sensitivity  indices  (St)  of  the  operational  input  variables  for  the  Percentage  of
discomfort hours for cooling (PDHC) for the global sensitivity analysis in the hybrid ventilation mode.

Fig. (24).  Sobol’ Total sensitivity indices (St) of the operational input variables for the Degree-hours for
heating (DHH) for the global sensitivity analysis in the hybrid ventilation mode.
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Fig. (25).  Sobol’ Total sensitivity indices (St) of the operational input variables for the Degree-hours for
cooling (DHC) for the global sensitivity analysis in the hybrid ventilation mode.

Fig. (26). Sobol’ Total sensitivity indices (St) of the operational input variables for the Thermal load with
heating (TLH) for the global sensitivity analysis in the hybrid ventilation mode.
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Fig. (27). Sobol’ Total sensitivity indices (St) of the operational input variables for the Thermal load with
cooling (TLC) for the global sensitivity analysis in the hybrid ventilation mode.

Fig.  (28).  Sobol’  Total  sensitivity  indices  (St)  of  the  operational  input  variables  for  the  Total  electricity
consumption of the HVAC (TELC) for the global sensitivity analysis in the hybrid ventilation mode.
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Fig. (29). Boxplot of the Percentage of discomfort hours for heating (PDHH) grouped by the construction and
the number of occupants (NumOcc) for each room and for the house for the hybrid ventilation mode.

Uncertainty Analysis

For the hybrid ventilation mode, some general findings can be drawn:

The PDHH (Fig. 29) is much higher than the PDHC (Fig. 30), which indicates●

that  the  hybrid  ventilation  effectively  reduced  the  thermal  discomfort  for
cooling. The same was observed for the DHH (Fig. 31) which was very higher
than the DHC (Fig. 32). In this sense, the thermal discomfort for cooling criteria
was not important for this hybrid ventilation mode.
For the PDHH (Fig. 29), the amplitude range was higher for constructions 1 and●

3, and lower for construction 5. The same is valid for the DHH (Fig. 31), where
the degree-hours were almost none for construction 5 and had lower amplitude
range.  The  living  room  always  had  lower  levels  of  thermal  discomfort  for
heating  than  the  bedrooms.
For the TLH (Fig. 33), the values were much lower than the TLC Fig. (34). In●

the case of heating, the amplitudes were higher for constructions 1, 3 and 4, and
lower for constructions 2 and 5.
For the TLC (Fig. 34), the amplitude ranges were higher for all cases, especially●

for  construction 5.  The data were grouped by the “EMSOperativeUL”,  which
was  the  most  influent  in  this  case.  When  the  value  is  26°C  for  the  operative
temperature upper limit,  the amplitudes and the medians are lower.  The same
pattern was observed for the TELC criterion (Fig. 35).
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Fig. (30). Boxplot of the Percentage of discomfort hours for cooling (PDHC) grouped by the construction and
the  setpoint  for  cooling  of  the  HVAC  (CoolingHVAC)  for  each  room  and  for  the  house  for  the  hybrid
ventilation mode.

Fig. (31). Boxplot of the Degree-hours for heating (DHH) grouped by the construction and the number of
occupants (NumOcc) for each room and for the house for the hybrid ventilation mode.
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Fig.  (32).  Boxplot  of  the  Degree-hours  for  cooling  (DHC)  grouped  by  the  construction  and  setpoint  for
cooling of the HVAC (CoolingHVAC) for each room and for the house for the hybrid ventilation mode.

Fig. (33). Boxplot of the Thermal load with heating (TLH) grouped by the construction and the setpoint for
heating of the HVAC (HeatingHVAC) for each room and for the house for the hybrid ventilation mode.
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Fig. (34). Boxplot of the Thermal load with cooling (TLC) grouped by the construction and the operative
temperature  setpoint  for  natural  ventilation  (EMSOperativeUL)  for  each  room  and  for  the  house  for  the
hybrid ventilation mode.

Fig. (35). Boxplot of the Total electricity consumption with HVAC (TELC) grouped by the construction and
the operative temperature setpoint for natural ventilation (EMSOperativeUL) for each room and for the house
for the hybrid ventilation mode.
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Table 9 shows the descriptive statistics of the performance criteria in the hybrid
ventilation mode, grouped by the construction system. Some findings:

For the PDHH, the range was higher for construction 1 (0.2516) and lower for●

construction 5 (0.1153). The coefficient of variation was higher for construction
5 (99.2%) and construction 2 (48.9%).
For the DHH, the highest range was found for construction 1 (2017.4 °Ch) and●

the highest coefficient of variation for construction 5 (134.6%).
In the case of PDHC and DHC, as the means were very low, it was considered●

as irrelevant criteria for this hybrid analysis.
For  the  TLH,  the  highest  range  was  found  for  the  construction  3  (668.7●

kWh/year). However, the coefficient of variation was higher for construction 5
and 2 due to the low median. Thus, it was not considered statistically significant.
In this sense, the highest coefficient of variation was 56.4% for construction 1.
In  the  case  of  TLC,  the  highest  range  was  found  for  construction  5  (2123.7●

kWh/year), achieving 58.9% of the coefficient of variation.
For  the  TELC,  the  highest  range  was  obtained  for  construction  4,  achieving●

930.4 kWh/year and 59.3% of the coefficient of variation for construction 5.

Table 9. Descriptive statistics for the output variables (except for the PDHC and DHC) of the house
grouped by the construction for the uncertainty analysis of the hybrid ventilation mode.

Construction Measure PDHH [-] DHH [°Ch] TLH
[kWh/year] TLC [kWh/year] TELC

[kWh/year]

1

min 0.1605 425.8 24.2 91.8 83.6

max 0.4121 2017.4 642.9 1952.2 948.5

range 0.2516 1591.6 618.7 1860.4 864.9

median 0.2945 1076.6 140.1 633.4 355.0

mean 0.2947 1091.0 156.3 676.4 374.6

std.dev 0.0482 294.1 88.1 282.9 128.9

coef.var 16.4% 27.0% 56.4% 41.8% 34.4%

2

min 0.0098 16.0 0.0 54.0 30.8

max 0.2413 800.1 163.4 2037.1 911.2

range 0.2315 784.1 163.4 1983.1 880.4

median 0.0877 192.1 7.4 568.9 257.3

mean 0.0966 226.4 13.9 612.9 276.2

std.dev 0.0473 140.4 19.2 295.5 128.6

coef.var 48.9% 62.0% 137.9% 48.2% 46.6%
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3

min 0.1839 527.2 35.0 79.0 78.1

max 0.3945 2004.3 703.7 1932.8 963.4

range 0.2106 1477.1 668.7 1853.8 885.3

median 0.2944 1144.7 167.6 628.0 360.4

mean 0.2944 1154.9 183.5 661.5 378.8

std.dev 0.0394 268.8 96.4 286.3 131.7

coef.var 13.4% 23.3% 52.5% 43.3% 34.8%

4

min 0.1408 382.0 15.4 58.0 53.2

max 0.3178 1489.1 554.5 2013.2 983.6

range 0.1770 1107.1 539.1 1955.2 930.4

median 0.2397 833.3 119.1 634.8 340.8

mean 0.2396 841.2 129.3 657.6 354.0

std.dev 0.0331 199.8 76.4 316.8 143.7

coef.var 13.8% 23.8% 59.1% 48.2% 40.6%

5

min 0.0000 0.0 0.0 11.6 6.3

max 0.1153 293.2 46.7 2135.3 925.4

range 0.1153 293.2 46.7 2123.7 919.0

median 0.0172 10.5 0.0 645.7 267.9

mean 0.0293 37.4 0.6 638.9 267.2

std.dev 0.0290 50.3 3.2 376.4 158.3

coef.var 99.2% 134.6% 568.6% 58.9% 59.3%

DISCUSSION

The  performed  analyses  were  considered  robust  as  many  aspects  of  the
sensitivities  and  uncertainties  could  be  visualized  and  calculated.

By discussing the natural ventilation versus hybrid ventilation modes, one can see
that depending on the construction system some good levels of thermal comfort
and energy consumption can be achieved. In a general manner, the performance
criteria  related  to  the  thermal  discomfort  for  heating  were  much  more
representative than the cooling criteria. This indicates that a decision-maker could
analyze and perform conclusions regarding the performance of the building based
only  in  these  indices,  rather  than  in  all  of  them.  In  respect  to  the  heating,
construction  2  and  5  and  could  be  considered  good  alternatives  for  the
construction  of  the  building  for  this  climate.  However,  by  observing  the
uncertainties, it is not always clear whether one system is better than the other due
to the amplitude ranges and the overlapping of the statistical distribution.

(Table 9) cont.....
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If we opt to consider the coefficient of variation as the uncertainty measure, we
can argue that for the natural ventilation mode:

There is from 13.8% - 49.9% of uncertainty in the estimation of the percentage●

of  discomfort  hours  for  heating  (PDHH)  (excluding  construction  5),  and  the
amplitude range varies from 0.1179 – 0.2622.
There is from 27.0% - 68.9% of uncertainty in the estimation of the percentage●

of discomfort hours for cooling (PDHC), and the amplitude range varies from
0.0466 – 0.1229.
There is from 21.0 – 65.6% of uncertainty in the estimation of the degree-hours●

for heating (DHH) (excluding construction 5), and the amplitude range varies
from 297.1 – 1982.1°Ch.
There is from 50.0 – 56.2% of uncertainty in the estimation of the degree-hours●

for cooling (DHC) (excluding construction 5), and the amplitude range varies
from 164.0 – 750.1 °Ch.

And, for the hybrid ventilation mode:

There is from 13.4% - 99.2% of uncertainty in the estimation of the percentage●

of discomfort hours for heating (PDHH), and the amplitude range varies from
0.1153 – 0.2516.
There  is  from  23.3%  -  62.0%  of  uncertainty  in  the  estimation  of  the  degree-●

hours for heating (DHH) (excluding the construction 5), and the amplitude range
varies from 293.2 – 1591.6 °Ch.
There  is  from 52.5% -  59.1% of  uncertainty  in  the  estimation  of  the  thermal●

loads with heating (TLH) (excluding construction 2 and 5), and the amplitude
range varies from 46.6 – 668.7 kWh/year.
There  is  from 41.8% -  58.9% of  uncertainty  in  the  estimation  of  the  thermal●

loads with cooling (TLC), and the amplitude range varies from 1853.8 – 2123.7
kWh/year.
There  is  from  34.4%  -  59.3%  of  uncertainty  in  the  estimation  of  the  total●

electricity  consumption  with  HVAC  (TELC),  and  the  amplitude  range  varies
from 864.9 – 930.4 kWh/year.

These values are relatively high and caused uncertainties in the statistical tests of
means  and  individual  values,  in  such  a  point  that,  for  some  comparisons,  one
cannot conclude which construction system is better than the other (for a specific
criterion) due to those operational uncertainties. This was somehow expected, as
some  authors  stated  that  the  uncertainties  in  occupants  profiles  for  residential
buildings tend to be greater than for commercial ones [8], due to a more diverse
pattern and use. In the absence of the uncertainty data, one decision-maker could
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easily  fall  into  Type  I  error.  For  example,  a  null  hypothesis  could  be  that  the
TELC of construction 4 is equal to construction 5, and the alternative hypothesis
would  be  that  the  TELC  of  construction  4  is  higher  than  construction  5.  The
confidence interval and overlapping of the distribution (see Fig. 35 and Table 9)
led a decision-maker to accept the null hypothesis, but it could be rejected in the
absence of accurate operational uncertainties information.

To improve the interpretation of  the results,  new confidence intervals  could be
created by grouping the found results in the most influent variables to quantify the
remaining uncertainty in each group. This grouping was not performed for this
study and is a suggestion for further investigation.

In a general manner, the most influent variables for the performance criteria, for
the natural ventilation mode, were the number of occupants, the opening factor of
the windows and the schedules of occupancy of the bedrooms. And for the hybrid
ventilation, the most influent variables were the number of occupants, the heating
setpoint  of  the  HVAC,  the  cooling  setpoint  of  the  HVAC  and  the  operative
temperature  upper  limit  for  natural  ventilation  of  the  EMS  algorithm.

CONCLUSION

This  study  performed  a  series  of  building  performance  simulation  experiments
considering  uncertainties  related  to  the  operational  input  variables  of  a  house.
Some of the input variables (such as the operational schedules and internal loads)
were developed based on field research and statistical data treatment for a specific
city  in  southern  Brazil.  The  simulation  experiments  considered  two  modes  of
natural or hybrid ventilation with different control algorithms, five construction
systems  with  different  thermal  properties  and  different  performance  criteria
related  to  the  thermal  comfort  and  energy  consumption  with  HVAC.

The main conclusion is that, for the performed experiments, the uncertainties of
the  operational  input  variables  were  particularly  important  and  should  be
considered for decision-making purposes or other analyses related to the use of
building performance simulation. The literature already discovers that, usually, a
small number of input variables represent most of the output variance [53], and
the same was identified in this study, regarding the operational input variables.

By considering  the  most  influent  variables  discovered  by  the  global  sensitivity
analysis, if one considers a different number of occupants, different values for the
heating  or  cooling  setpoint  or  even  different  limits  for  allowing  the  natural
ventilation,  it  can  compromise  the  comparison  between  different  performance
alternatives. In the same sense, the setpoint temperatures and limits of operative
for allowing natural ventilation were influent variables for the hybrid ventilation
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mode. These variables represent real uncertainties of the model, which were not
known exactly at the concept or design stage of building development.

For  the  natural  ventilation  mode,  for  instance,  up  to  49.9% of  uncertainty  was
achieved in the estimation of the percentage of discomfort hours for heating, and
up to 65.5% of uncertainty was found for the estimation of the degree-hours for
heating.  These  values  were  calculated  by  grouping  the  data  into  the  different
construction systems and observing the coefficient of variation of the distribution.
For  the  hybrid  ventilation  mode,  up  to  59.3%  of  uncertainty  was  found  in  the
estimation of the total electricity consumption with HVAC, due to the operational
uncertainties.

Although the probabilistic approach was based on some of the various methods
for modelling the operational characteristics of a building, it has proven to be a
solution to make the performance evaluation more reliable, as stated by the study
[54].

This study only considered one typology of low-income dwelling for a specific
climate of Brazil, and by using specific operational schedules obtained through a
field  survey.  In  this  sense,  case  studies  are  important  to  investigate  certain
phenomena  but  are  limited  in  replicability.  Future  research  could  focus  on  the
other strategies for occupancy modelling, such as an agent-based method. Even
so,  information  on  occupancy  and  user  behaviour  is  always  needed  to  produce
databases and to help the building simulation efforts to overcome the performance
gap issue and improve the accuracy and credibility of the building simulation.
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CHAPTER 8

Indoor  Climate  Management  of  Museums:  the
Impact  of  Ventilation  on  Conservation,  Human
Health  and Comfort
Hugo Entradas Silva1,* and Fernando M. A. Henriques1

1  Departamento de Engenharia Civil, Faculdade de Ciências e Tecnologia, FCT, Universidade
NOVA de Lisboa, 2829-516 Caparica, Portugal

Abstract:   Cultural  heritage  plays  an  important  role  in  society,  not  only  in  cultural
terms but also due to its touristic interest. From a purely economic point-of-view, the
increasing  number  of  visitors  can  be  a  way  to  achieve  financial  sustainability.
However,  it  is  necessary to ensure that  conservation and comfort  conditions are not
affected, since the human body releases heat, moisture, CO2 and odours.

A suitable relation between ventilation and occupancy may be used to minimize some
of these effects, but it is not easy to reach because there is no unanimity in the literature
on comfort and health issues. Besides, the information about ventilation and occupancy
that is used in cultural heritage buildings is scarce, even after the recent publication of
the EN 15759-2.

In this chapter, a sensitivity simulation study using a hygrothermal simulation model of
a  generic  museum  is  developed.  This  chapter  aims  to  analyse  the  impact  of  the
binomial ventilation vs. occupancy, simulating various combinations of ventilation and
air  recirculation  on  the  indoor  air  quality,  conservation  and  energy  consumption  in
museums. Since the visits to major national museums take usually long periods, the
concept of adaptation was analysed to reduce the airflow of fresh air per visitor. The
study was carried out using the software WUFI® Plus for the hygrothermal and energy
simulation.

Keywords:  Air  recirculation,  Cultural  heritage,  Conservation,  Computational
simulation,  Indoor  air  quality,  Museums,  Occupancy,  Preventive  conservation,
Ventilation.
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INTRODUCTION

Museums play an important role in storing collections, allowing different forms of
art  to  be  presented  to  the  world.  Museums  must  ensure  the  conservation  of
collections  and  at  the  same  time  a  pleasant  experience  for  visitors,  providing
adequate conditions of comfort and health [1].

Despite the unquestionable importance of visitors, it is important to note that they
release heat, moisture, carbon dioxide (CO2), odours and act as an open door for
exterior pollutants, which can affect the equilibrium of the indoor microclimate.

Although historic buildings are characterized by high thermal inertia, they usually
present  a  poor  hygrothermal  response,  which  can  contribute  to  an  unstable
microclimate  and  render  it  difficult  to  obtain  a  serious  compromise  between
conservation,  comfort  and  sustainability  [2].  Sometimes  the  use  of  powerful
climate  control  systems  is  unavoidable  and  the  impossibility  of  changing  the
building  façades  to  avoid  identity  losses  [3]  means  that  one  of  the  adopted
strategies for energy reduction is linked to ventilation [4]. However, it cannot be
dissociated  from  the  human  occupancy  since  it  influences  the  air  renewal  and
consequently the moisture, pollutants and odours.

An excessive occupancy can constitute a serious risk to the microclimate stability
and  a  challenge  to  heritage  management  due  to  degradation  of  the  indoor  air
quality (IAQ) and the increase of moisture. Some articles attest the visitors’ effect
on the indoor climate [5, 6] and the risks of undue occupancies for conservation [7
- 9]. There are some cases of common sense in which it was necessary to limit the
number  of  visitors  or  their  impact  to  mitigate  conservation  risks,  such  as  the
Scrovegni  Chapel  in  Padova  [10,  11].  With  the  growing  interest  in  cultural
tourism,  limitations  to  the  visits  may  become  a  necessity  all  over  Europe.

The choice of a suitable relationship between occupancy and ventilation is crucial
for heritage sustainability. However, this management should be based on sound
fundamentals, since ventilation has a major impact on climate stability and energy
consumption,  and  an  unnecessary  limitation  of  the  number  of  visitors  induces
revenue cuts on buildings.

There are some standards and guidelines focusing on IAQ based on comfort with
wide international acceptance, but they vary in assumptions and proposed values
[12  -  16].  Concerning  ventilation  requirements  and  occupancy  for  cultural
heritage,  the  issue  is  even  more  ambiguous.  It  is  assumed  that  excessive
ventilation  disrupts  the  microclimate  stability  [4],  while  reduced  ventilation
associated with a high occupancy contribute to high humidity levels, mould risk
and surface condensation [10, 11, 17]. Despite this evidence, it was not possible to
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find methods that specifically help in ventilation and occupancy management in
museums.  The  European  standard  EN 15759-2  [18]  was  recently  published  on
ventilation in cultural heritage to ensure optimum preservation of buildings and
collections  while  ensuring  comfort.  This  document  is  a  useful  tool  for  the
ventilation management, namely by presenting a step-by-step approach to identify
factors and areas of risk, but it is more descriptive than prescriptive and does not
clarify what ventilation to use.

It is necessary to develop more research in this area so that museum managers and
climate designers have tools to support decision making on a subject that can have
a  catastrophic  impact  on  conservation,  comfort  and  health.  In  this  work,  the
authors sought to gather information on the topic, seeking to satisfy the needs of
conservation, comfort and health. A climate simulation study was developed for
three  European  cities  with  different  climates  to  test  the  impact  of  various
ventilation  strategies.

STATE-OF-THE-ART

General Considerations

Ventilation  concerns  date  back  to  the  late  18th  century  when  humans  were
considered to be the main cause of pollution inside non-industrial buildings. Until
the mid-1800s, the air expelled by humans was believed to be toxic mainly due to
carbon  dioxide,  until  it  was  demonstrated  that  this  gas  was  harmless  for  the
concentrations  usually  found  inside  buildings.

At  the  beginning  of  the  20th  century,  there  was  a  paradigm  shift  when  it  was
proven  that  the  air  expelled  in  the  breathing  process  was  non-toxic,  however
during the first third of the century the main concerns were related to the health
and  the  reduction  of  risk  contagion  of  endemic  diseases.  This  approach  would
once  again  be  changed  when  around  1930  it  was  possible  to  conclude  that  the
spread of diseases through the air was not one of the main forms of contagion.
From here, ventilation began to be seen as a comfort factor that aims to ensure
that  the  occupants  of  a  given  space  perceive  the  air  quality  as  acceptable.
Although humans continue to be seen as the main sources of pollution, from this
period onwards the main concerns were linked to released odours [19]. Despite
some adaptations, this approach remains valid until now.
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IAQ Based on Comfort Perception

Traditional Approach

According to comfort issues, the indoor air quality (IAQ) can be defined as the
occupants’ perception of the IAQ of a certain space. This perception is not linear
and can vary according to various factors [13, 20], such as the emission of CO2
and other gases, odours emitted by the occupants and by the building components
[12] and subjective factors, as the expectancy and cultural adaptation. Yaglou, in
1936, carried out the first internationally accepted tests to evaluate and predict the
comfort  sensation  in  humans,  using  climate-controlled  chambers  and  occupied
buildings with different ventilation rate and adopting various scales, including a
scale of odour intensity [21]. These results were used for more than 50 years in
standards and guidelines of around the world.

In  the  1980s  and  1990s,  new  experimental  campaigns  were  carried  out  with  a
higher number of people (mainly office workers and university students), better
test conditions and modern hygiene habits. Results obtained in Europe [22, 23],
USA  [24]  and  Japan  [25]  achieved  a  great  acceptance  in  the  international
community,  presenting  a  good  correlation  between  them,  that  support  the
robustness  of  the  conclusions.  These  levels  of  acceptance  were  obtained  for
people not adapted to the environment. For adapted people, the rate of ventilation
per  occupant  to  achieve the  same level  of  acceptance can be estimated as  one-
third of the value for non-adapted people [26]. The European results [22, 23] (see
Fig. 1) have been the basis of several international documents, as the ASHRAE
62.1 [15] or the EN 16798-1 [27].

Fig. (1). Relationship between the percentage of occupants dissatisfied with air quality and the ventilation
flow for a standard person [28].
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IAQ can be evaluated as a percentage of dissatisfied occupants according to their
mean vote and approximated with a high level of confidence by equations (1) and
(2) [28]:

(1)

(2)

where PD is the percentage of dissatisfied people (%), q is the airflow (m3/h.olf)
and one olf corresponds to the bio effluents emitted by a standard person.

A relationship between the percentage of dissatisfied people and the concentration
of indoor CO2 was achieved and proved as a good indicator to evaluate the IAQ,
since  while  people  are  releasing  CO2  are  also  releasing  odours.  The  work  that
gave rise to these results allowed to conclude that an airflow of 27 m3/h per person
corresponds to 80% of satisfied people, which corresponds to a CO2 concentration
of  about  650  ppm  above  the  exterior  concentrations  [26].  In  this  way,  the
difference  between  indoor  and  outdoor  CO2  concentrations  can  be  used  as  an
expeditious  indicator  of  the  IAQ,  since  the  CO2  concentration  is  usually  more
easily obtained than the ventilation rate. The estimation of airflow per person can
be obtained with the application of a mass balance equation according to the usual
CO2 emission per person [26].

Usually, this analysis can be made in stationary conditions to simplify the method.
Analysis  in  steady-state  conditions  does  not  consider  the  volume,  affecting  the
necessary time to reach the equilibrium conditions. This is especially important
for the cases where pollutant emissions (the CO2 in this particular case) occurs in
a limited period. In these cases, using a steady-state equation can overestimate the
necessary  ventilation  to  keep  the  pollutant  within  the  desired  threshold.  For  a
continuous and constant occupancy, steady-state mass balance equations may be
used with satisfactory results [16]:

(3)

where qtot is the total airflow (m3/h), n the number of visitors (-), GCO2 the emission
rate of CO2 (m3/h), CCO2,i the allowed indoor concentration of CO2 (ppm), CCO2,e the
concentration of CO2  in the exterior (ppm) and εv  the ventilation efficiency (-).
Usually, the assumption of totally efficient ventilation is considered admissible.

 
for q ≥1.15 m3/h.olf 

for q ≤1.15 m3/h.olf
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Despite the utility of the described results, it is evident that there are other sources
of pollution inside buildings other than human beings, as building components,
furniture, carpets and air conditioning systems that emit a wide variety of volatile
organic  compounds  (VOC's).  Although  each  VOC  typically  occurs  at
concentrations below the odour and irritation threshold, the set of several VOC's
can significantly influence the occupants' perception of IAQ. This question was
firstly considered by Fanger [28] and is fully described in the study [13].

Several polluting loads for some types of buildings can be found in the study [13].
To consider these sources of pollution, Fanger [28] suggested that the pollution
emitted by each source should be expressed in terms of the pollution emitted by a
standard person, introducing the concept of “olf” (from the Latin term olfactus)
which  is  nothing  more  than  the  odour  emitted  by  an  average  European  adult
engaging  in  sedentary  activity.  This  method  allows  considering  the  totality  of
sensory pollution loads (olf’s) by the sum of the components associated with the
occupants and the building.

Besides,  Fanger  [28]  proposed  to  refer  to  indoor  air  quality  decipol  (from  the
Latin pollutio) to classify the IAQ in a space with a pollution source generated by
a standard person and ventilated by 36 m3/h of fresh air, i.e. 1 db = 0.36 olf (m3.h).
However, these concepts have fallen into disuse and today they are practically not
mentioned in international standards.

The Adaptation Concept

From the  initial  studies  of  Yaglou  in  climatic  chambers  [21]  the  results  of  the
people  perceived  IAQ  were  based  on  their  first  impressions,  neglecting  the
adaptation  in  time.

Although  some  adaptations  have  occurred  over  time,  such  as  a  significant
decrease  in  the  perception  of  odours,  the  standards  and  guidelines  have  been
based on the results obtained with the first perception because it is considered that
this impression is important and because it is considered unrealistic to ask people
to wait a few minutes before they adapt. However, when the people's presence in
a space is prolonged, the consideration of adaptation may make sense.

To  clarify  this  point,  Gunnarsen  and  Fanger  [29]  studied  the  change  in  the
perception  of  air  quality  during  the  first  15  minutes  of  exposure  in  controlled
environment chambers. They used 16 women and 16 men aged from 18 to 30 to
evaluate the IAQ in 42 trials. Occupants were exposed to various concentrations
of bio effluents (from 500 to 4 000 ppm of CO2), tobacco smoke and emissions
from buildings.
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The participants  of  the  study assessed IAQ every  2  minutes  by  using scales  of
odour intensity and IAQ acceptability while they were exposed to constant levels
of  pollution.  Odour  tolerance  was  found  to  increase  after  a  few  minutes
independently of the CO2 concentration. It was also noted that sensorial irritation
is usually constant and may increase over time, concluding that although there is a
strong adaptation to  odours,  adaptation to  possible  pollutants  from buildings  is
reduced  [29].  The  authors  verified  that  95%  of  the  people  changed  their
perception  of  IAQ,  concluding  that  a  good  adaptation  occurs  after  the  first  6
minutes. They further verified that after adaptation, the levels of pollution tested
did  not  influence  the  level  of  satisfaction  and  that  adaptation  to  one  pollutant
makes exposure to others more acceptable. Overall, this study has concluded that
ventilation for comfort can be greatly reduced if a few minutes of discomfort are
accepted or if exposure to increasing levels of pollution is performed gradually
within the first 10 minutes.

This  approach  seems  to  apply  to  cultural  heritage,  with  a  special  focus  on
museums, since there tends to be a defined tour circuit where visitors enter and
buy the ticket in a space near the exterior - well ventilated – and gradually walk
through the building. The duration of the visits is usually longer on major national
museums, so it seems plausible to question the comfort of the initial minutes. This
approach can contribute significantly to increasing indoor air stability and reduce
energy  consumption,  clearly  contributing  to  environmental  and  economic
sustainability.

Calculations  of  the  required  airflow  per  adapted  person  may  be  obtained  by
multiplying the required airflow for an un-adapted person by a factor of 0.33 or by
multiplying the CO2 concentration by a factor of 3 to achieve the same comfort
level. The airflow due to the pollution from the building components should be
maintained [26].

International Guidelines and Standards

As described in the introduction, there is no agreement around this theme, so it is
considered  pertinent  to  present  the  values  and  concepts  defined  in  the
international  standards/guidelines,  such  as  EN  16798-1  [27],  ANSI/ASHRAE
62.1  [15],  CIBSE  Guide  A  [16]  and  EN  15759-2  [18].

As mentioned earlier, these documents were mainly based on tests carried out on
office workers and university students. However, its use has been extrapolated to
other types of buildings, such as museums. It is important to understand its bases
and evaluate its applicability to cultural heritage.
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EN 16798-1

EN 16798-1 [27] that supersedes EN 15251 [12], has been prepared by Technical
Committee  CEN/TC  156  “Ventilation  for  buildings”  to  supply  constraints  or
issues that  were not  included in documents such as EN ISO 7730 [30] and CR
1752  [13]  and  to  provide  parameters  for  energy  calculation  and  long-term
assessment of the indoor climate [12]. Regarding IAQ, EN 16798 [27] is based on
the  results  described  previously  for  non-adapted  people,  considering  both  the
emissions  generated  by  humans  and  buildings  and  their  components.

Four categories are presented depending on the level of occupant’s expectations,
and the buildings use. Category I (the most demanding) is designed for high levels
of  expectation  and  is  recommended  for  spaces  occupied  by  very  sensitive  and
fragile people. Category II is intended for a normal expectation level and should
be used in new buildings and renovations. Category III focus a moderate level of
expectation  and  can  be  used  in  existing  buildings.  Category  IV  covers  all
remaining  cases.  As  regards  the  building  components,  the  document  presents
three pollution classes, from very-low polluting buildings to non-low polluting.
The respective class should be chosen by the designer according to the materials
and type of  building.  According to  this  standard,  total  ventilation requirements
(qtot in m3/h) are defined as the sum of the airflow per person (qp in m3/h) according
to the bio effluents and airflow per floor area (qb in m3/h) to consider the pollution
released by the building components, as referred by eq. 4. The respective values
are shown in Table 1. The possibility of only using the component associated with
human odours is not considered.

Table 1. Ventilation rate\s according to the human bio effluents (qp) and building pollution level (qb)
[27].

Category
Expected Percentage
of Dissatisfied Non-
Adapted People [%]

qp – Airflow Per
Person

[m3/(H.Person)]

qb – Airflow Per Floor Area [m3/(h.m2)]

Very Low
Polluting
Building

Low Polluting
Building

Non-Low
Polluting
Building

I 15 36 1.8 3.6 7.2

II 20 25.2 1.26 2.52 5.04

III 30 14.4 0.72 1.44 2.88

IV 40 9 0.54 1.08 2.16
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(4)

Where n is the number of people in the analysed room (-) and A is the floor area
(m2).

It  is  possible  to  simplify  the  analysis  and  present  the  required  ventilation
according to the floor area by multiplying the component associated with human
emissions by the occupancy density of the space as shown in Fig. (2). Despite not
recommended, also the hypothesis of non-polluted buildings was considered for
this analysis.

Fig. (2). Ventilation according to comfort category, occupancy and building pollution.

This  standard  also  addresses  the  possibility  of  calculating  the  ventilation  rates
based on a steady-state mass balance equation, considering the typical differences
between the  indoor  and  outdoor  CO2  concentrations  presented  in  Table  2  for  a
standard CO2 emission of 0.02 m3/h.person.

Table 2. Typical CO2 concentration above outdoors and corresponding airflow per person [27].

Category Typical CO2 Concentration Above Outdoors
[ppm]

Minimum Airflow Per Person
[m3/(H.Person)]

I 550 36

II 800 25.2

III 1350 14.4

IV >1350 <14.4
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ASHRAE 62.1

The  ASHRAE 62.1  [15]  specifies  the  minimum airflow and  other  measures  to
ensure indoor air quality to an acceptable level for humans and to minimize health
risks.  This  standard  considers  the  IAQ  as  acceptable  when  the  air  contains  no
known contaminants at harmful concentrations and where a substantial majority
of exposed people classify the air as comfortable (80% or more). This document,
although based on results presented in the sub-chapter “Traditional approach” as
the other international guidelines or standards here presented, has the particularity
of considering the adaptation concept.

Although the ASHRAE 62.1 presents values for museums, churches and libraries,
the consideration of ventilation flows for adapted people can be considered too
low by certain authors since the target  public of some of this type of buildings
remains  inside  them  for  a  short  period.  The  standard  indicates  that  ventilation
must  be  obtained  for  peak  occupation,  for  typical  use  or  in  cases  where  it
fluctuates  by  an  average  value,  defining  standard  occupation  densities  for  use
whenever it is not possible to estimate the actual occupation.

The standard presents three different procedures to reach the required IAQ level,
that may return different values according to the adopted assumptions. The first
method, named Ventilation Rate Procedure, which is more prominent in this work
because  it  eases  the  relationship  between  occupancy  and  ventilation,  is  a
prescriptive  method  that  determines  ventilation  rates  based  on  the  type  of  use,
occupancy and floor area, considering the emission of bio effluents and pollutants
by the building components.

As  mentioned  for  EN 16798-1,  the  minimum airflow must  be  calculated  using
equation 4, using data presented in Table 3 for several cultural heritage buildings.
This table also shows the acceptance levels for people adapted and not adapted to
the proposed ventilation flows.

According to the Ventilation Rate Procedure, ASHRAE 62.1 recommends that the
total ventilation for museums should consider an airflow of 13.68 m3/h per person
and  1.08  m3/h  per  square  meter  of  floor  area;  for  churches,  the  standard
recommends  the  use  of  airflow of  9  m3/h  per  person  and  1.08  m3/h  per  square
meter  of  floor  area.  The  standard  has  a  default  occupancy  density  for  design
purposes  of  0.4  people/m2  for  museums  and  1.2  people/m2  for  churches.
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Table 3. Ventilation flows based on emissions from occupants (qp) and the building itself (qb) according
to ASHRAE 62.1 [15].

Occupancy Category

Expected Percentage of
Dissatisfied People [%]

qp – Airflow Per
Person

[M3

/(H.Person)]

qb –
Airflow

Per Floor
Area

[M3/(H.M2

)]

Occupant
Density

[Person/M2]
Adapted
People

Non-Adapted
People

Places of religious
worship 19 40 9 1.08 1.2

Libraries 19 40 9 2.16 0.1

Museums (children’s) 14 31 13.68 2.16 0.4

Museums/galleries 14 31 13.68 1.08 0.4

The  second  method,  called  IAQ  Procedure,  is  based  on  the  analysis  of
contamination  sources,  concentration  limits  and  perceived  level  of  air  quality
acceptance.  The  use  of  this  method  presupposes  the  identification  of  possible
sources  of  contamination,  the  use  of  the  limit  value  and  tabulated  periods  of
exposure to avoid health risks. The definition of the design airflow shall be the
highest obtained by the mass balance equation for the maximum concentration of
a  given  contaminant,  the  level  of  perceived  air  quality  by  the  occupants  or  by
comparison with the defined airflow for similar areas.

As  regards  the  CO2  concentration,  the  ASHRAE  62.1  cite  some  external
references, as the OSHA (5,000 ppm), MAK (5,000 ppm), Canadian guidelines
(3,500 ppm), NOSH (5,000 ppm) and ACGH (5,000 ppm).

The  third  method,  called  Natural  Ventilation  Procedure,  is  based  on  a  set  of
geometric constraints that allow indoor air quality to be guaranteed with the use of
natural ventilation while considering the possibility of incorporating mechanical
systems.

CIBSE Guide A

CIBSE Guide A [16] is  one of  the most  widely used sources for  designers and
researchers  in  the  field  of  building  climate  behaviour.  This  document  presents
three  methods  to  determine  the  ventilation  rates.  The  first  one,  described  as  a
prescriptive method, provides an airflow per person based on the data presented
previously for non-adapted people, in which all sources other than body odour are
not  considered.  For  buildings  usually  considered  as  cultural  heritage,  such  as
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museums  and  churches,  an  airflow  of  36  m3/h  per  occupant  is  recommended.

The second method should be used in situations where the pollutants are released
into the room at a known rate, and local ventilation is not practicable. To apply
this method, it is necessary to use a mass balance equation and the concentration
limits for each pollutant. The 2006 version of this handbook further advances the
existence of a third method that considers odours emitted both by humans and the
building  itself,  although  not  describing  it  because  it  has  not  gained  worldwide
acceptance and referring to its application CR 1752 [13].

EN 15759-2

EN 15759-2 [18] was recently published to present procedures for the sustainable
management  of  ventilation  in  cultural  heritage  to  ensure  its  preservation  and
human comfort. This standard presents ventilation management guidelines with a
special  focus  on  a  step-by-step  approach  to  identify  factors  and  risk-areas  and
forms of mitigation and a set of procedures to measure and control indoor climate
parameters.

Despite  the  expectations  around  EN  15759-2,  the  standard  is  more  descriptive
than prescriptive, except the step-by-step approach, and, although a useful tool for
heritage  management,  it  does  not  provide  all  the  necessary  management  and
design answers for stockholders, namely on the choice of design ventilation rates,
the  relation  between  ventilation  and  occupancy,  and  on  how  to  define  the
maximum occupancy. In its first appendix, the standard presents two examples of
application:  a  museum located  in  a  cultural  heritage  building  with  a  collection
composed of different objects and a modern storage room. In the first case, the
application  of  EN 15757  [31]  was  considered  to  limit  mechanical  degradation,
assuming 35% and 75% of RH to limit mould risk and the abrupt fall of RH due
to  winter  heating.  Concerning  temperature,  a  comfort  interval  between  18  and
26ºC was considered. In the second case, the standard goes further and prescribes
a maximum ACH of 0.04 h-1, limiting RH between 30 and 50% and T between 7
and 22 ºC.

IAQ Based on Human Health

In  addition to  comfort  issues,  IAQ should ensure  a  low risk  for  the  occupant’s
health.  The  effects  of  IAQ  on  humans  may  be  acute  and  of  short  duration  (as
ocular irritations) or developed over a longer period (as cancer) [20]. To reduce
health  risks,  maximum  concentrations  and  exposure  times  for  each  pollutant
should be defined according to their specificities. In this chapter, only CO2 was
considered.
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Several standards and guidelines use CO2 as an indicator of comfort, relating it to
the perceived air quality [12 - 16], however, their limits are based on comfort and
not on health. The CO2 concentration can be associated with some symptoms as
fatigue,  headaches,  increased  perception  of  heat  and  unpleasant  odours  for
concentrations between 500 and 3 200 ppm [32]. An exposure of several weeks to
concentrations  above  7  000  ppm  may  increase  the  blood  acidity  [26,  32],  but
severe  effects  are  not  expected  for  concentrations  below  10  000  ppm  [33].
Changes  in  the  respiratory,  cardiovascular  and  nervous  systems  may  be  only
evidenced  for  concentrations  above  10  000  ppm,  but  these  risks  are  usually
evidenced  only  for  values  above  30  000  or  50  000  ppm  [32,  33].

There are  several  publications,  mainly for  industrial  environments,  that  present
the  maximum concentration  of  several  pollutants  in  a  way  that  does  not  cause
damages to health, where it is possible to highlight the limits defined by ACGIH’s
Threshold  Limit  Values  (TLVs)  [34]  that  defines  a  maximum concentration  of
5,000  ppm  for  exposures  up  to  8  h  and  30,000  ppm  for  exposures  up  to  10
minutes. These limits are widely used and corroborated by other documents [35 -
37], although they are not defined to protect the most sensitive individuals [15].

In addition to the severe impact that high CO2 concentrations have on health, the
discussion  about  the  effect  of  moderate  concentrations  on  the  well-being  of
individuals has not been worthy of a huge discussion in the scientific community
[38 - 40], and several authors have argued the use of more demanding threshold
values.

For residential buildings, for example, a document requested by the Government
of Canada [32] setts a maximum level of 3 500 ppm. This document assumes that
the  adopted  limit  provides  a  sufficient  margin  to  protect  against  undesirable
changes  in  the  acid-base  balance  of  blood  and  release  of  calcium  from  bones.

Kim et  al.  [41]  concluded that  the homeostasis  of  a  group of  individuals  when
exposed to an environment with a CO2 concentration above 2 000 ppm and work-
stress showed changes. According to Satish et al. [42], exposures of 2.5 h  up  to 
2500 ppm affected the decision making of a group of individuals when compared
to  concentrations  of  600 ppm.  For  exposures  up  to  4  h  to  concentrations  up  to
1,400  ppm,  Vehviläinen  et  al.  [43]  concluded  that  individuals  did  not  show
physiological changes, however, for concentrations between 2 000 and 4 000 ppm
significant  symptoms  were  reported,  which  led  the  authors  to  recommend  a
maximum  concentration  of  1500  ppm.  Maula  et  al.  [44]  concluded  that  an
exposure  of  4  h  to  2  260  ppm  in  open-space  offices  with  minimalist  furniture
increased perceived fatigue slightly, as in the perception of air quality, however,
there were no symptoms of health problems.

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



288   Occupant Behaviour in Buildings: Advances and Challenges Silva and Henriques

Zhang et al. [33, 45] compared the response of a set of individuals when exposed
for 4.25 h at 500 ppm and 3 000 ppm. Authors tested two different approaches
that made interesting conclusions possible: a) they added CO2 in the room until it
reached 3 000 ppm; b) reducing ventilation until reaching 3 000 ppm. In the first
case, they concluded that there were no significant changes in the perception of air
quality, health symptoms or cognitive performance. In the second case, although
the CO2 concentration is identical, a significant reduction in the perception of air
quality  has  been  reported,  increasing  the  intensity  of  acute  general  health
symptoms  (neuro-behavioural)  without  increasing  respiratory  or  mucous
membrane  symptoms  and  decreasing  the  cognitive  response.  According  to  this
study, CO2 individually is not responsible for health damage at concentrations up
to 3 000 ppm, however, when associated with the production of bio-effluents, it
significantly affects individuals. Despite this conclusion, it should be noted that in
non-industrial  buildings,  the  main  source  of  CO2  is  usually  related  to  human
metabolism.  Thus,  according  to  these  results,  concentrations  above  3  000  ppm
should be avoided.

IAQ in Museums

In common buildings, the indoor climate and air quality are controlled according
to  human  health  and  comfort  needs,  but  when  the  analysis  is  concerned  with
cultural  heritage,  particularly  in  buildings  used  to  exhibit  or  store  valuable
artefacts,  it  is  not  possible  to  ignore  the  needs  of  the  collections,  avoiding
degradation  phenomena that  can  be  triggered  by  poor  climates  or  high  relative
humidity [16].

Several  risks  to  cultural  heritage  are  directly  or  indirectly  attributed  to  the
deficient relationship between ventilation and occupancy, namely excessive RH
fluctuations,  too  high  or  too  low  RH  levels,  surface  condensation,  water
evaporation  and  salt  damage,  and  the  transport  and  deposition  of  atmospheric
pollutants [18]. High ventilation rates contribute to high energy consumptions and
high RH fluctuations [4],  which increase the risk of  mechanical  degradation of
organic  hygroscopic  materials  [3,  31];  on  the  other  hand,  low  ventilation  rates
associated with a large number of occupants contribute to high indoor RH, which
may  lead  to  condensation,  mould  germination,  salt  deliquescence  or  metal
oxidation  [3,  4].  Adopting  indoor  air  recirculation  can  improve  preventive
conservation  [46].

There are numerous studies published in the international bibliography addressing
the theme under analysis. However, in many cases, the analysis focuses on energy
efficiency,  comfort  and health,  leaving out  the conservation.  Although it  is  not
intended to make an exhaustive state-of-the-art  review, some works considered
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relevant for the study of ventilation in museums will be presented.

In  cultural  heritage  buildings,  ventilation  must  avoid  air  stagnation  and  the
creation of  microclimates  near  the  collections  and contribute  to  the  removal  of
pollutants. According to [47], a minimum recirculation of 6 air changes per hour
should be considered. In measurements made at the National Archives Building
(Washington, D.C.), air changes of fresh air from 0.9 to 1.2 h-1 were obtained.

In  a  study comparing the  behaviour  of  two museums in  London (one naturally
ventilated and the other with mechanical ventilation), Cassar et al. [48] obtained a
fresh air change rate of 1.3 h-1 for the air-conditioned museum. Concerning to air
recirculation, a complete recirculation of approximately 6.5 h-1 was estimated.

In 1999, Camuffo et al. [49] published a study approaching the indoor air quality
at the Correr museum in Venice. The authors reported that the museum did not
have a central ventilation system for the intake of fresh air, considering, however,
that  this  was  not  a  problem,  since  the  rooms  have  high  dimensions,  with  high
ceilings  and  a  moderate  number  of  visitors.  The  building's  ventilation  occurs
mainly by opening the windows twice a day to operate the shutters. Inside, there
is  a  mechanical  system  that  allows  the  air  recirculation,  with  speeds  varying
between  2  and  3  m/s  20  cm  below  the  fans.  The  fact  that  the  outdoor  climate
usually has high humidity values is a problem for exchanges between indoor and
outdoor. It was also found that ventilation through the opening of windows is a
serious risk due to the entry of pollutants.

In 2000, Druzik et al. [50] published a paper reporting the results of a monitoring
campaign  carried  out  in  1988  in  five  museums  and  galleries  in  Southern
California: the Norton Simon Museum, J. Paul Getty Museum, Scott Gallery of
the  Huntington  Art  Gallery  and  Library,  the  Southwest  Museum,  and  the
Sepulveda  House.

The  authors  found  buildings  naturally  ventilated  by  opening  the  doors  and
windows  and  others  with  complete  air  conditioning  systems.  In  the  first  case,
outdoor air exchanges from 1.6 to 3.6 h-1 were obtained, while in air-conditioned
buildings they obtained outdoor air exchanges below 1 h-1 and recirculation rates
ranging from 5 and 8 h-1. The authors recommend the use of carbon recirculation
filters to avoid high levels of indoor pollution.

Mazzei  et  al.  [51]  developed  a  simulation  model  to  evaluate  the  effect  of  air
conditioning systems in museums, adopting an infiltration rate of 0.25 h-1 and an
airflow of 21.6 m3/h of fresh air per person. The authors state that the recirculation
rate should vary between 6 and 8 renewals per hour [47,52].
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Martens  assessed  the  impact  of  ventilation  on  the  indoor  climate  and  energy
consumption  using  a  generic  computer  model  of  a  non-controlled  museum
simulated for the weather conditions of De Bilt, The Netherlands [4]. The author
concluded that an increase in the air change rate (ACH) from 0.1 to 1 h-1  has a
reduced  influence  on  hourly  RH  fluctuations,  but  significant  influence  on  the
weekly  fluctuations  with  an  increase  of  around  15%  RH,  hence  the
recommendation of a maximum ACH of 0.1 h-1 if the objective is to maintain the
climate stability. To evaluate the impact of ventilation on energy consumption, the
author  considered the climatization of  the  model  to  18-22 °C and 48-52% RH,
concluding that ACH higher than 0.1 h-1 led to a considerable increase in energy
consumption. However, Martens emphasizes that the use of low ventilation rates
can be dangerous if associated with high occupancy rates.

In  2016,  Zorpas  and  Skouropatis  [53]  studied  the  indoor  air  quality  in  two
museums located in Cyprus. They presented the country reality, noting that many
museums are characterized by natural ventilation and that few works focused on
air quality in cultural heritage in that country were carried out. Concerning CO2,
they  found  concentrations  between  631.55  and  698.77  ppm  in  the  Cypriot-
Archaeological Museum and values up to 748.22 ppm in the Byzantine Museum.
According  to  the  Cyprus  legislation,  the  usual  CO2  values  in  offices  must  be
between 600 and 800 ppm, with a maximum of 1 000 ppm being allowed. About
ventilation, there is a rate of 14.4 to 21.6 m3/h of fresh air per visitor in museums
and galleries.

Human presence also plays a major role in the quality of the indoor environment.
On some studies of the Scrovegni chapel [10, 11], the authors advocate the use of
an airflow of 60 m3/h per person to remove the generated water vapour without
causing excessive temperature gradients and defend the need of an air treatment
system  for  the  case-study  to  avoid  the  entry  of  pollutants  through  openings,
ensuring the required air quality for visitors.  Authors evidence that air  velocity
should not influence heat and mass changes on painted surfaces and recommend a
velocity  of  less  than  1  m/s  in  the  intake  zone  and  less  than  0.1  m/s  near  the
frescos.

To guarantee these conditions, an ACH less than 1 h-1  during visitation periods
and a daily average of 0.5 h-1 were required.

Kramer  et  al.  [54],  studying  the  Hermitage  Museum  Amsterdam,  develop  a
simulation  model,  evaluating  the  ventilation,  composed  by  infiltration  and
mechanical  ventilation  activated  only  when  the  interior  concentration  of  CO2
exceeds  the  limit  of  1  000  ppm.  Note  that  in  Amsterdam,  the  external
concentration  of  CO2  is  around 600 ppm.  The  mechanical  ventilation  based  on
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CO2  typically occurs between 2 pm and 5 pm, with recirculation between 7 am
and 7 pm and air infiltration at an average rate of 0.11 h-1 throughout the day. The
museum applies a high recirculation rate of 7.5 h-1.

METHODOLOGY

General Considerations

As referred previously, there is no consensus on cultural heritage literature about
IAQ.  In  addition  to  issues  related  to  conservation,  comfort  and  health,  it  is
important  to  remember  the  influence  that  ventilation  can  have  on  energy
consumption  in  museums.  To  find  a  compromise  between  ventilation,
conservation, comfort, health and energy, it was considered relevant to develop a
simulation campaign testing various scenarios and analysing their impacts on the
building's response using the hygrothermal simulation software WUFI®Plus [55].
This  software  is  based  on  the  numerical  model  presented  in  [56],  and  it  was
widely  tested  and  validated  in  several  cases,  including  historical  buildings  and
museums [57 - 61].

The control of the indoor climate in museums is inevitable, due to the comfort of
the occupants and, above all, to guarantee the conservation of the collections. This
theme is far from generating consensus in the international scientific community.
Historically, very demanding temperature and relative humidity set-points have
been used, such as 20 ºC and 50% RH with small fluctuations [62]. Since the last
decade  of  the  20th  century,  there  has  been  an  attempt  to  use  fewer  demanding
approaches based on new knowledge about the conservation of materials and the
need  to  reduce  energy  consumption,  both  for  economic  and  environmental
reasons.

In this chapter, a less demanding approach was used: 16-25 ºC and 40-60% RH.
This  set-point  is  following  the  recommendations  published  by  the  Group  of
Organizers of Large-scale Exhibitions (Bizot Group, that comprises the directors
of  the  world’s  leading  museums  and  galleries),  the  Australian  Institute  for  the
Conservation of Cultural Materials (AICCM) and the Association of Art Museum
Directors (AIC) [63 - 66].

Case Study – Geometry, Envelope and Internal Gains

Building Geometry

To study the effect of ventilation on cultural heritage, a typical building was used,
with geometry inspired by the National Museum of Ancient Art (Lisbon) and to
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represent museums installed in old palaces. The model presents a regular plan of
quadrangular  shape,  with  facades  exposed  in  the  four  main  orientations.  It  is
composed by two floors and a total of 16 rooms. It was considered the presence of
a basement floor for the reserve, conservation and restoration workshops. It was
decided not to model this floor, considering that there is no exchange of heat and
mass between the basement and the ground floor. The horizontal plan can be seen
in Fig. (3) and the facades in Fig. (4). The building dimensions are in Table 4.

Table 4. Building dimensions.

Floor Room Area [m2] Height [m] Volume [m3] Ratio Openings/Floor [-]

Ground Floor

Hall 308 3.5 1078 0.08

1.1 506.25 3.5 1771.875 -

1.2 180 3.5 630 0.1

1.3 64 3.5 224 0.1

1.4 180 3.5 630 0.1

1.5 64 3.5 224 0.1

1.6 180 3.5 630 0.1

1st Floor

2.1 506.25 4.66 2358 0.08

2.2 180 4 720 0.1

2.3 64 4 256 0.1

2.4 180 4 720 0.1

2.5 64 4 256 0.1

2.6 180 4 720 0.1

2.7 64 4 256 0.1

2.8 180 4 720 0.1

2.9 64 4 256 0.1
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Fig. (3). Building geometry – horizontal plan.

Fig. (4). Building geometry – facades.

Envelope

Constructive  solutions  representative  of  the  old  buildings  in  southern  Europe,
more specifically in Portugal, were adopted with the choice falling to the use of

 

West façade 

 
Remaining facades 
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simple walls composed by mortared limestone and lined on both sides with lime-
based mortar [67]. For the horizontal envelope, a more modern solution composed
by  reinforced  concrete  was  adopted.  For  windows,  double  glazed  aluminium
frames were considered, including interior shading elements to limit the risk of
chemical degradation due to solar radiation. The building’s elements assemblies
and U-value, as properties of the materials, can be seen in Table 5.

Table  5.  Simulated  building  element  assemblies  and  U-value,  materials’  thicknesses  and  basic
hygrothermal  proprieties  [55,  67,  68].

Element Assembly Thickness
(e, m)

Bulk
Dnsity

(ρ,
kg/m3)

Specific
Heat

Capacity,
Dry

(cp, J/kg.K)

Thermal
Conductivity,

Dry (λ0, W/m.K)

U-Value
(W/m2K)

External
Walls

Outside →
Inside

Lime mortar 0.03 1785 850 0.70

1.78Mortared-limestone 0.54 2122 850 1.76

Lime mortar 0.03 1785 850 0.70

Internal
walls

Outside →
Inside

Lime mortar 0.03 1785 850 0.70

2.07Mortared-limestone 0.24 2122 850 1.76

Lime mortar 0.03 1785 850 0.70

Ceilings
Outside →

Inside

Old oak 0.02 740 1400 0.15

0.56

Concrete screed – top layer 0.005 1890 850 1.6

Concrete screed – middle
layer 0.04 1970 850 1.6

Concrete screed – bottom
layer 0.005 1990 850 1.6

Aerated concrete 0.20 460 840 0.12

Reinforced concrete 0.25 2350 850 2.3

Lime mortar 0.03 1600 850 0.70
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Roof
Outside →

Inside

Generic gravel 0.1 1400 1000 0.7

0.34

Geomembrane - - - -

XPS 0.04 40 1500 0.03

PVC Roof membrane 10E-4 1000 1500 0.16

Concrete screed – top layer 0.005 1890 850 1.6

Concrete screed – middle
layer 0.04 1970 850 1.6

Concrete screed – bottom
layer 0.005 1990 850 1.6

Aerated concrete 0.10 460 840 0.12

Reinforced concrete 0.25 2350 850 2.3

Lime mortar 0.03 1600 850 0.70

Doors Old oak 0.05 740 1400 0.15 2.01

Windows Double gazed aluminium
frames Uw =2.45 W/m2K Ff=0.70 SHGC=0.15 ε=0.15

Internal Loads

Visitors Flux

When trying to study the relationship between ventilation and occupancy, one of
the  first  problems  starts  with  the  occupancy  to  be  used.  Ideally,  typical  values
recorded  in  the  museum  under  analysis  or  similar  museums  should  be  used.
Usually, it  is easy to obtain the number of visitors per month or even the daily
occupation,  however,  knowing  the  occupation  profile  of  each  room  at  each
moment  is  practically  impossible.

When there is no real data, it is usual to assume a typical occupation of 0.4 people
per  square  meter,  as  shown  in  ASHRAE  62.1  [15].  However,  it  is  easy  to
understand that it will be difficult to obtain a constant occupation rate throughout
the day and year. Even so, it is necessary to adopt a typical occupation profile that
allows  studying  the  impact  of  other  factors,  namely  the  ventilation,  on  which
more attention falls in this work.

In  the  framework  of  the  present  study  variable  rates  throughout  the  day  were
considered adequate. Based on a study developed at the Monastery of Jerónimos
(Portugal)  [69],  a  daily  average  profile  was  estimated,  adopting  a  maximum
occupant  density  of  0.4  visitors/m2,  as  can  be  seen  in  Fig.  (5).

(Table 5) cont.....
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Fig. (5). Occupant density according to the study [69].

Sensible and Latent Heat

Internal loads are defined as the amount of sensible and latent heat that is emitted
by  a  source  in  a  given  space  (e.g.  the  human  body,  lighting  and  other  electric
equipment).  Additionally,  also  the  CO2  generation  should  be  considered  as  an
important factor.

While  the  fraction of  latent  heat  is  responsible  for  an increase of  water-vapour
concentration, the sensible heat fraction is absorbed and stored by the surrounding
surfaces.  It  is  estimated  that  between  20–60%  of  the  emitted  sensible  heat
assumes the radiation form, which depends on several aspects as clothing, mean
radiant temperature and air velocity [16].

The heat generated by the human body occurs due to oxidation and it depends on
the person, namely its gender, age and activity level. This type of heat is named as
metabolic  rate  and  usually  presented  in  met.  A  unit  metabolic  rate  (1  met)
corresponds to the amount of energy generated by a standard European adult male
sitting at rest, with a body area of 1.8 m2, which corresponds to an energy flow of
58.2 W/m2 [70, 71]. The metabolic rate for each activity is based on the amount of
heat that is emitted by an average person resting. In other words, 1.6 metabolic
rate  means  that  the  person  is  emitting  1.6  more  heat  than  the  amount  of  heat
produced by an average person while resting.

The  amount  of  energy  emitted  by  a  person  can  be  determined  through  the
metabolic  rate  multiplied  by  the  surface  skin  area,  proposed  by  DuBois  [71]:

(5)
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Where  AD  is  the  surface  skin  area  (usually  named  Dubois  area)  (m2),  m  is  the
person’s mass (kg) and l is the person’s height (m).

It is commonly accepted to assume that an average male weighs  70  kg  and  is 
1.73 m tall [70, 71] adopting a reduction factor of 0.85 for women and 0.75 for
children [72].

This makes it easy to estimate the average metabolic rate for a group of people
that are in the same space and performing the same activity:

(6)

Where %M, %F and %C means the percentage of male adults, female adults and
children’s, respectively, and RfM, RfF e RfC are the respective reduction factors.

However, the metabolic rate is not always easily determined and authors typically
use  tabulated  values  corresponding  to  each  activity,  such  those  present  in
ASHRAE Fundamentals [71], EN ISO 8996 [73], ASHRAE 55 [70] or EN ISO
7730 [30], or through physiological measurements. According to [16], for most
engineering-related purposes it is possible to use tabulated values with reasonable
accuracy (i.e. ± 20%) for metabolic rates below 1.5 met.

Concerning the metabolic rate used in cultural heritage, there is no consensus in
the  scientific  community,  and  values  ranging  from  1.2  to  1.7  met  were  found.
From  the  observation  of  a  group  of  15  people  at  the  Van  Abben  Museum  in
Eindhoven, Kramer et al. [74] found that, on average, visitors spent 8.5 minutes
standing (1.2 met) and 0.5 minutes walking calmly (2 met), resulting in a value of
1.24  met.  Kramer  et  al.  [75]  obtained  an  average  value  of  1.5  met  for  the
Hermitage  Amsterdam  museum  by  solving  the  PMV  equation  in  order  of  the
metabolic rate according to the thermal sensations and clothing recorded by users
in  1121  surveys  and  using  more  than  a  year  of  monitoring  of  the  ambient
conditions. Maekawa et al. [76] used a value of 1.5 met in the study of the Museu
Casa de Rui Barbosa in Rio de Janeiro. Yau et al. [77] through a field study at the
National Museum of Malaysia reached an average value of 1.7 met. La Gennusa
et al.  [78] analysed the conflict between conservation and comfort in museums
using the PMV model with a metabolic rate of 1.2 met, as usually used for offices
or  educational  establishments.  Silva  et  al.  [79]  assumed  that  the  activity  in  a
museum is equivalent to a light activity such as that developed when shopping in
a shopping centre and used a value of 1.6 met [30]. Bellia et al. [80] assumed a
total  heat  gain  per  person  of  147  W (85  W for  sensible  heat  and  62  for  latent
heat). Ascione et al. [81] adopted a metabolic rate of 1.5 met. Ferdyn-Grygierek
[82]  assumed that  each  visitor  would  be  responsible  for  75  W of  sensible  heat
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(50% was emitted by convection and the other 50% by radiation) and 55 W of
latent heat, which means a total heat of 130 W. Kramer et al. [83] assumed that
each visitor was responsible for 100 W in the exhibition room. Karyono et al. [84]
assumed that in the cathedral the visitors would have a metabolic rate of 1.0 met
(which corresponds to seated, relaxed) and in the museum, it would vary between
1.0  (which  corresponds  to  seated,  relaxed)  and  1.2  (which  corresponds  to
standing,  at  rest).  Balocco  et  al.  [85],  who  modelled  an  11th  century  church  in
Florence, assumed that each visitor emitted 75 W of sensible heat and 55 W of
latent heat, which means a total heat of 130 W. Camuffo et al. [86], who tested a
heating system in two Italian churches, considered that metabolic rate of a person
varied between 1.0 met (seated, quiet person), 1.2 met (standing, relaxed person),
1.5  met  (singing)  and  2.0  met  (walking).  Aste  et  al.  [87],  who  studied  several
heating strategies for churches, assumed a total heat load of 108 W per person.

At this point, it was decided to estimate the average metabolic rate based on the
type of audience and assuming as a reasonable behaviour that visitors spend 40%
of their time walking calmly through the museum (1.7 met - walking about [70])
and 60% of the time stopped to observe the works (1.2 met -  standing, relaxed
[70]), achieving an average metabolic rate of 1.4 met. To define the profile of the
average  visitor,  a  study  developed  by  the  Directorate  General  for  Cultural
Heritage (DGPC) of the visitors  of  the national  museums in Portugal  was used
[88].  This study was carried out between 3rd  December 2014 and 2nd  December
2015  and  covered  14  museums.  A  slight  prevalence  of  the  female  public  was
observed, reaching 56% of the visits. It was decided to consider the presence of
men/women  without  incorporating  the  influence  of  age,  obtaining  an  average
value  of  134  W:

(7)

The heat generated by the human body is dissipated from the body surface in a
combination  of  radiation,  convection,  evaporation  and  breathing.  The  sensible
heat loss rate (losses by convection and radiation) and latent heat loss rate (losses
by evaporation and breathing) are not constant and depend on the metabolic rate
and ambient conditions and its quantification is a lengthy and difficult process.

The Department of Energy of the United States of America presented and applied
to the EnergyPlus software a polynomial equation (8) [89] to estimate the amount
of sensitive heat according to the metabolic rate and air temperature:

(8)
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where S is the amount of sensible heat (W); M is the metabolic rate (W) and T is
the air temperature (ºC).

According  to  Chapter  9  of  the  ASHRAE  Handbook  –  Fundamentals  [52],  the
sensible heat can be divided into radiative and convective fractions as 0.6 and 0.4,
respectively,  for  typical  office  conditions.  Here,  this  ratio  was  considered
admissible.

Knowing the total amount of heat and the sensible fraction, the amount of latent
heat can be easily achieved:

(9)

Where L means the amount of latent heat (W), M means the amount of total heat
(W) and S is the sensible heat (W).

However, the latent loads are usually presented through water vapour production
rates  in  g/h.  This  conversion can be obtained through the quotient  between the
latent heat and the water evaporation enthalpy [54]:

(10)

where Gw,vap is the water vapour generation rate per person (g/h), L is the amount
of latent heat (W), H is the total heat (W), S is the amount of sensible heat (W)
and Δhvap means the water evaporation enthalpy (2257 J/g [54]).

Taking  a  total  heat  generation  of  134  W  and  assuming  an  average  indoor
temperature of 20ºC, a sensible heat of 90 W (60% emitted by radiation and 40%
by convection) and latent heat of 44 W were obtained. A water vapour generation
rate of 70 g/h was achieved.

CO2 Generation Rate

The human metabolism consumes oxygen and releases carbon dioxide depending
on the physical activity intensity, the person’s height and type of diet. The rate of
oxygen  consumption  per  person  (VO2)  is  determined  through  the  following
equation  [26]:
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(11)

Where VO2  is  the rate  of  oxygen consumption [m3/h],  met  is  the metabolic  rate
(met), AD is the body surface area in accordance to Dubois equation (1.8 m2 for
the average European male), 3.6 is the coefficient to convert the rate of oxygen
consumption from l/s to m3/h and RQ is the respiratory quotient (ratio between the
CO2 volumetric production rate for a specific rate of oxygen consumption).

The respiratory quotient depends on a person’s diet, activity intensity and physical
condition.  For  an average adult  conducting a  sedentary activity,  the respiratory
quotient  is  0.83.  The  multiplication  of  this  quotient  by  the  rate  of  oxygen
consumption  allows  to  determine  the  CO2  production  rate:

(12)

Assuming a metabolic rate of 1.4 met and an average body surface area of 1.67
m2, a production rate of 0.020 m3/h is achieved. Considering the CO2 density in
the gaseous state of 1.83 kg/m3 at 20 ºC and 1 atm, the CO2 production rate is 37
g/h.

Lighting

Concerning to lighting, all the electrical energy used by a lamp is transformed into
heat and dissipated by convection and radiation. In addition to the influence of the
lamp's properties, the luminaire itself has an important influence on the division of
energy by affecting the ratio between radiant and convective heat.

The lighting level is either presented in terms of lighting power per area (W/m2) or
by the level of lighting required for space (lux). However, only the latter shows
the  lighting  level  of  the  space,  since  the  former  corresponds  to  the  amount  of
consumed/released heat. Some documents, such as ASHRAE Standard 90.1 [90]
and  ASHRAE  Fundamentals  [71,  91],  present  values  of  lighting  for  spaces  in
W/m2, as shown in Table 6 for cultural heritage buildings. Despite this variable is
quite useful for thermal calculations and as an input for thermal and hygrothermal
simulation,  it  does  not  present  any  type  of  information  about  the  luminous
performance  of  the  solution.
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Table 6. Examples of lighting power found in the literature [71,91].

Type of Building Lighting Power [W/m2]

Museums

Exhibition area 11.3

Restoration/conservation area 11.0

Storage area 8.6

Libraries

Card file and Cataloguing 7.8

Reading area 10.0

Stacks 18.4

Religious buildings

Main nave 16.5

Hall 6.9

Pulpit, choir 16.5

On  the  other  hand,  CIBSE  Guide  A  [16]  presents  the  recommended  lighting
depending  on  the  type  of  building  according  to  the  required  lighting  level,  as
shown in Table 7.

Table 7. Examples of illumination levels found in the literature [16].

Type of Building Maintained Illuminance [lux]

Museums and art aalleries

Display area 200

Storage area 50

Libraries

Lending area 200

Reading area 500

Store area 200

Religious buildings 100-200

The power necessary to meet the required lighting level depends on the type of
lamp  to  be  used.  The  comparison  between  incandescent,  fluorescent  and  LED
lamps  allow  a  simplified  understanding  of  the  performance  of  each  type  of
lighting: incandescent lamps have high consumption for reduced lighting levels
since a good part of the energy is transformed into heat; fluorescent lamps appear
at  an  intermediate  level,  with  higher  efficiency  than  that  presented  by
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incandescent lamps, but they continue to spend much of the energy consumed in
the generation of heat; finally, for LED, all the energy consumed is transformed
into  light,  which  translates  into  much  lower  energy  consumption  for  the  same
lighting level.

It is possible to relate the lighting power with the illuminance and the floor area
through the equation:

(13)

Where P  is the electric power (W), Ev  is the illuminance (lux), A  is the surface
area (m2) and η is the luminous efficacy for the adopted solution (lm/W). Typical
lighting efficiencies for various lighting solutions are presented in Table 8.

Table 8. Luminous efficiency according to the lamp type [92, 93].

Lamp Type Luminous Efficiency [Lumens/Watt]

Tungsten incandescent light bulb 10-15

Halogen lamp 20

Fluorescent lamp 50-90

LED lamp 70-95

Metal halide lamp 75-90

The  proportion  of  heat  that  enters  the  compartment  depends  on  the  type  and
location  of  the  lighting  fixtures.  When  the  luminaires  or  lamps  are  suspended
from the ceiling or mounted on the walls, all the heat will appear as an internal
gain. When the luminaires are embedded in the ceiling or in the false ceiling, part
of the emitted power results in a gain of heat for the structure that surrounds it.

The form of heat dissipation for various luminaire configurations with fluorescent
lamps is presented in Table 9 according to the values present in the EnergyPlus
software user manual [94].

Table 9. Ways of dissipating heat from various configurations of light sources (adapted from [94]).

Type of Dissipation
Lighting Sources Configurations

Suspended Surface-Mounted Recessed Luminous and Recessed Ceiling

Radiant 0.6 0.9 0.55 0.55

Convective 0.40 0.10 0.45 0.45
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Since the LED technology is increasingly widespread, it was considered that all
the model's  lighting is LED. Considering an illumination of 200 lux during the
opening  hours  –  from  9.00  am  to  7:00  pm,  and  20  lux  at  night  and  average
lighting  efficiency  of  82.5  lumens/watt,  LPD  of  2.42  W/m2  and  0.24  W/m2,
respectively, were achieved. Suspended lighting was considered, assuming 0.6 of
radiant emission and 0.40 of convective.

Simulation Study

Concerning to comfort, the airflow per visitor varies according to the document
and with (or without) the assumption of the concept of adaptation. According to
standard EN 16798-1 (for non-adapted people), category II seems admissible for
new museums and category III for museums in historic buildings. Category II (for
an acceptance level of 80%) provides for an airflow of 25.2 m3/(h.person), while
Category  III  (for  an  acceptance  level  of  70%)  provides  for  an  airflow  of  14.4
m3/(h.person).  Other  documents,  such  as  CIBSE  Guide  A,  recommend  highest
values, namely an airflow 36 m3/(h.person). For large national museums, where
visits  can  take  several  hours,  it  seems  plausible  to  consider  the  concept  of
adaptation, allowing air flows three times greater for the same level of comfort.
The ASHRAE 62.1 standard is an example of this approach, recommending an
airflow rate of 13.68 m3/(h.person) for an acceptance level of 85%.

As  regards  the  health  hazard,  the  previous  analysis  concluded  that  for
concentrations up to 3 000 ppm, no significant effects were found. It was found
that these CO2 concentrations cause complaints, especially when associated with
metabolic activity, something that is covered by the approach focused on comfort.

Considering the adaptation concept, and adopting a maximum CO2 threshold of 3
000  ppm,  the  data  published  by  EN  1679-1  were  adapted  and  assumed  as
reference  for  the  current  study,  as  can  be  seen  in  Table  10.

Table 10. Typical CO2 concentration above outdoors according to EN1679-1 [27] for adapted and non-
adapted people and considering health issues.

Category/PD
(%)

CO2 Above Outdoors (ppm) qb – Airflow Per Floor Area [m3/(h.m2)]

Adapted
People1)

Non-Adapted
People2)

Very Low
Polluting
Building

Low
Polluting
Building

Non-Low-polluting
Building

II (20 %)
Min (3

000-CCO2,o
3);2

400)
800 1.26 2.52 5.04

III (30 %) 3 000-CCO2,o
3) 1 350 0.72 1.44 2.88
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1) for visitors that remain more than 18 minutes inside the building;
2) for visitors that remain less than 18 minutes inside the building;
3) for health reasons the absolute concentration of CO2 should not exceed
3 000 ppm.
CCO2,o means the outdoor CO2 concentration

The  airflow  was  estimated  using  the  mass  balance  equation  for  stationary
conditions presented in (3). Concerning the exterior CO2 concentration to be used,
it  is  common  to  find  values  from  300  to  450  ppm  [14],  although  there  is  no
consensus around an exact number since it depends on the location and level of
pollution.  For  this  case,  an  outdoor  concentration  of  400  ppm  was  adopted
according to the recommendation of EN 13779 [14] for polluted city centres. A
CO2  generation  rate  of  0.02  m3/h  per  person  was  considered  according  to  EN
16798-1 [27], as can be seen in Table 11.

Table 11. Ventilation rates according to the human bio effluents (qp) and building pollution level (qb)
for an outdoor CO2 concentration of 400 ppm and a CO2 generation rate equal to 0.02 m3/h.

Category/
PD (%)

Adapted People1) Non-Adapted People2) qb – Airflow Per Floor Area [m3/(h.m2)]

qp

[m3

/(h.person)]

CO2

Above
Outdoors

(ppm)

qp

[m3

/(h.person)]

CO2

Above
Outdoors

(ppm)

Very
Low

Polluting
Building

Low
Polluting
Building

Non-Low-polluting
Building

II (20 %) 8.3 2400 25.2 800 1.26 2.52 5.04

III (30 %) 7.7 2600 14.4 1350 0.72 1.44 2.88
1) for visitors that remain more than 18 minutes inside the building;
2) for visitors that remain less than 18 minutes inside the building

As  regards  the  studies  concerning  museums,  it  was  possible  to  find  a  pattern,
concluding the frequent use of an air change rate of about 1 h-1 from the exterior
and recirculation rates between 5 and 8 h-1. In some cases, natural ventilation was
found. Even when buildings are equipped with mechanical ventilation, it may be
only activated when necessary. Despite the importance of ensuring the stability of
the  interior  microclimate  in  space  and  time,  sometimes  the  recirculation  and
mechanical  ventilation  are  turned  off  during  the  night.

In  this  chapter,  it  was  decided  to  test  various  ventilation  strategies  based
essentially on the comfort and health requirements. It was defined that mechanical
ventilation would only work during the museum's opening hours. We also tested
the  possibility  of  the  ventilation  system  being  equipped  with  a  heat  recovery
system  with  an  efficiency  of  0.85.  Based  on  the  usual  practice  in  museums,
several solutions were tested with internal air recirculation, activating mechanical

(Table 10) cont.....
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ventilation  only  when  necessary  and  limiting  total  ventilation  to  1.5  ach.  All
simulated  combinations  can  be  seen  in  Table  12.

Table 12. Simulation campaign.

# Infiltration
(0.2 ach)

Constant Mechanical
Ventilation (9 am – 7 pm)

Mechanical
Ventilation on CO2

Demand (max 1.5
ach)

Recirculation (6
to 8 ach)

Heat
Recovery

7.7
(m3/h.

visitor)

14.4
(m3/h.

visitor)

25.2
(m3/h.

visitor)
800 1350 2600 All day 9 am –

7 pm

1 X

2 X X

3 X X

4 X X

5 X X

6 X X

7 X X

8 X X X

9 X X X

10 X X X

11 X X X X

12 X X X X

13 X X X X

14 X X X

15 X X X

16 X X X

17 X X X X

18 X X X X

19 X X X X

Weather File

To understand the impact of the climate, it was decided to simulate three cities:
Lisbon,  Amsterdam  and  Krakow.  These  cities  were  chosen  because  they  have
different climates and because they are associated with several reference articles
in the area of museum climate [3, 54, 61, 75].
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The  climatic  classification  according  to  Köppen  [95],  the  annual  averages,
maximum  and  minimum  values  of  temperature  and  relative  humidity  and  the
annual global solar radiation can be seen in Table 13. For Lisbon a test reference
year (TRY) develop by Silva [62] was adopted. The remaining weather files were
taken from the EnergyPlus weather database [96].

Table 13. Climate characterization.

# City Köppen Class
Temperature [ºC] Relative Humidity [%] Global Solar Radiation

[kW/m2]Mean Min Max Mean Min Max

1 Lisbon Csa 16.9 4.0 36.2 70 13 100 1863

2 Amsterdam Cfb 10.0 -8.4 32.7 84 30 100 982

3 Krakow Dfb 8.3 20.2 31.9 79 27 100 1045

Data Analysis

Fulfilling the objective of this chapter, the impact of each ventilation strategy on
energy consumption, compliance with the comfort and health limits related to CO2
and the stability  of  the indoor  climate  according to  conservation was analysed.
The  analysis  of  energy  consumption  was  carried  out  for  the  entire  building.  In
turn, the characterization of climate stability overtime was made only for room
1.2, while spatial  stability was assessed through the maximum time differences
between room 1.2 and 2.6.

The  indoor  climate  was  characterized  by  seasonal  fluctuations,  short-term
fluctuations and daily cycles. The seasonal cycle is calculated as a centred 30-day
moving  average.  In  turn,  seasonal  fluctuations  are  obtained  as  the  biggest
differences  above  and  below  the  annual  average.  Short-term  fluctuations  are
calculated as the hourly differences between the data obtained and the seasonal
cycle.  According  to  standard  EN  15757  [31],  typical  fluctuations  are  obtained
through the 7th and 93rd percentiles of these differences, thus allowing 14% of the
largest  fluctuations  to  be  excluded.  Daily  fluctuations  were  obtained  by  the
difference between the maximum and minimum values obtained in 24 consecutive
hours. To obtain typical daily fluctuations, 10% of the largest fluctuations were
excluded.

To relate seasonal cycles and short-term fluctuations to the risk for conservation,
it  was  decided  to  use  an  expedited  method  published  in  the  handbook  of  the
American Society  of  Heating and Air-Conditioning Engineers,  Inc  –  ASHRAE
[52] and entitled “Museums, galleries,  archives and libraries.  According to this
document, ideal short-term fluctuations of ± 5% RH and ± 2ºC have been defined,
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although fluctuations of up to ± 10% RH are allowed if no seasonal fluctuations
were found. The same conditions have been adopted for space fluctuations. For
the  seasonal  cycle,  it  was  decided  not  to  impose  limits  since  normally  the
materials  are  more  capable  of  adapting  to  long  fluctuations.

RESULTS

To analyse the impact of various ventilation strategies in museums, a simulation
campaign was carried out for three European cities in a total of 57 simulations.

The  ventilation  is  usually  defined  according  to  the  indoor  air  quality  science,
based on a certain airflow per occupant to guarantees an acceptable level of the
perceived air quality.  This approach is used in several buildings; however, it  is
important to clarify whether it is valid for museums. The impact of ventilation on
energy consumption, comfort, health and conservation was analysed.

In  many museums located in  historic  buildings,  natural  ventilation is  common.
Thus, a strategy with constant ventilation was tested throughout the museum with
0.2 ach. Then, three levels of comfort were tested, with different fresh airflows
per visitor through constant mechanical ventilation during the opening hours. The
hypothesis of a mechanical ventilation system with and without heat recovery was
tested.  Based  on  published  studies  on  museums,  several  cases  were  also  tested
with air recirculation systems and the intake of fresh air by mechanical ventilation
based on CO2 concentrations, limiting the total ventilation to 1.5 ach.

(Fig. 6) contd.....
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Fig. (6).  Energy consumption for the 19 ventilation strategies for Lisbon, Amsterdam and Krakow.

It is important to note that occupancy rates of around 0.4 visitors/m2 were used, as
argued in ASHRAE 62.1. This occupation can be considered too high for most
museums and returns high ventilation rates. In this study, daily ventilation rates
between 0.8 a 2.5 ach were obtained, which translates into a difference of 2.3 ach
between  open  hours  and  night  in  the  most  severe  case,  which  can  cause  an
important imbalance in climatic stability. The impact of the ventilation strategies
on  energy  consumption  can  be  seen  in  Fig.  (6).  As  expected,  it  is  possible  to
distinguish a different behaviour for the three cities under analysis. For the case of
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Lisbon, the total energy consumption varies between 41.3 and 51.5 kWh/m2. The
consumption  associated  with  heating  and  humidification  is  practically
insignificant  when  compared  to  the  energy  needs  for  dehumidification  and
cooling. The highest value is obtained for constant ventilation of 0.2 ach, resulting
in  great  needs  for  dehumidifying  and  cooling.  The  fact  that  Lisbon  is
characterized by a more temperate climate than other cities and the production of
heat and water vapour in the interior for low ventilation rates are responsible for
these data. The strategy incorporating mechanical ventilation with heat recovery
on  demand  for  CO2  concentrations  above  1200  ppm  (800  +  400  ppm)  with
recirculation only during the open hours and heat recovery is the most efficient,
allowing a 20% reduction compared to the strategy with the highest consumption.
In general, it is possible to verify that the best results are obtained when adopting
a mechanical  ventilation system with heat  recovery.  The data obtained seem to
suggest that the use of night ventilation for cooling can be an important strategy
for climates in southern Europe.

For  Amsterdam  and  Krakow,  the  consumption  panorama  is  different.  In
Amsterdam,  total  consumptions  between 62.5  and 108 kWh/m2  were  achieved,
where heating needs take the main role, followed by the dehumidification needs.
For  Krakow,  total  energy  consumptions  between  142.3  and  86.3  kWh/m2  were
found.

If  in  the  case  of  Lisbon,  the  increase  in  ventilation  to  certain  levels  made  it
possible  to  balance  the  consumptions,  the  same is  not  true  for  Amsterdam and
Krakow. Increased ventilation always causes an increase in energy consumption.
The use of mechanical ventilation with heat recovery allows the best results, with
the various strategies reaching very close values.  Thus,  it  is  concluded that  the
ventilation strategy should not be defined essentially based on energy, since the
use of heat recovery systems allows to balance consumptions.

As regards to the concentration of CO2, the analysis of Fig. (7) allows verifying
the  ineffectiveness  of  natural  ventilation  for  buildings  with  high  occupancy,
reaching a maximum concentration of about 8 000 ppm, which in addition to the
comfort  problems,  exceeds  the  limits  considered  safe  for  humans.  Any  of  the
ventilation strategies used in simulations 2 to 7 is valid. The differences obtained
are  based  on  the  adopted  approaches,  which  are  valid  concerning  to  indoor  air
quality and health.
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Fig. (7).  Indoor air quality and maximum CO2 concentrations according to the ventilation strategies.

For the remaining ventilation strategies, despite being based on studies developed
in museums, they were found to be ineffective in controlling CO2 concentration,
since the intake of fresh air was limited to 1.5 ach. The use of these approaches
seems  appropriate  for  service  buildings  in  general  and  museums  in  particular,
where  recirculation  contributes  to  a  redistribution  of  indoor  air,  however,  the
number  of  visitors  should  be  reduced.

By rearranging the mass balance equation presented in equation 3, the occupancy
rate per unit area can be estimated:

(14)

Where n the number of visitors (-), GCO2 the emission rate of CO2 (m3/h), CCO2,i the
allowed indoor concentration of CO2 (ppm), CCO2,e the concentration of CO2 in the
exterior (ppm), εv the ventilation efficiency (-), A means the area in m2 and h is the
room height (m).

In  addition  to  comfort,  health  and  energy  consumption,  museums  are  also
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interested in ensuring the stability of the indoor climate for the conservation of
collections.

To limit  the risk of degradation, setpoints of temperature and relative humidity
suitable for this type of building were defined, namely 16-25 ºC and 40-60% RH,
respectively.

Despite  it  is  considered  that  within  these  intervals  the  risk  should  be  low,  it  is
mandatory to characterize the fluctuations of the indoor climate in time and space.
Thus, seasonal fluctuations, short-term fluctuations and typical daily variation for
room  1.2  were  calculated  and  the  spatial  difference  concerning  hourly  and
seasonal  differences  between room 1.2 and 2.6  was analysed.  This  data  can be
seen from Table 14 to Table 19 for temperature and relative humidity in the three
cities.

Table 14. Climate characterization according to temperature for Lisbon.

Simulation Annual Mean
[ºC] Seasonal Cycle [ºC] Short-Term

Fluctuations [ºC]
Daily

Span [ºC]
Spatial Drift [ºC]

Hourly Seasonal

1 22.6 -4.4/+2.4 -1.0/+0.9 1.9 1.6 1.5

2 22.0 -4.9/+2.9 -0.9/+0.9 2.0 1.2 1.2

3 21.7 -5.0/+3.3 -1.0/+1.0 2.0 1.1 1.0

4 21.3 -5.0/+3.6 -1.0/+1.0 2.3 0.9 0.8

5 22.5 -4.5/+2.5 -1.0/+0.9 1.9 1.5 1.5

6 22.4 -4.6/+2.6 -0.9/+0.9 1.9 1.5 1.4

7 22.3 -4.7/+2.7 -0.9/+0.9 1.9 1.4 1.4

8 21.6 -5.1/+3.4 -1.0/+1.0 1.5 1.9 0.9

9 21.7 -5.0/+3.3 -0.9/+1.0 1.5 1.0 1.0

10 21.9 -5.0/+3.1 -0.9/+1.0 1.5 1.0 1.0

11 22.2 -4.8/+2.8 -0.9/+0.9 1.6 1.1 1.1

12 22.3 -4.8/2.7 -0.9/+0.9 1.6 1.2 1.2

13 22.3 -4.7/+2.7 -0.9/+0.9 1.6 1.2 1.2

14 21.4 -5.0/+3.6 -1.1/+1.0 1.7 0.7 0.6

15 21.5 -5.0/+3.6 -1.0/+1.0 1.6 0.7 0.7

16 21.7 -5.0/+3.2 -1.0/+1.0 1.5 0.8 0.8

17 22.1 -4.9/+2.9 -0.9/+0.9 1.7 0.9 0.9

18 22.1 -4.9/+2.9 -0.9/+0.9 1.7 0.9 0.9

19 22.2 -4.8/+2.8 -0.9/+0.9 1.7 0.9 0.9
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Temperature plays a  less  prominent  role  concerning conservation,  which raises
the possibility of using less demanding setpoints than those historically used. For
Lisbon, the seasonal cycle varies around the annual average with from –5.5 to 3.6
ºC.  Concerning  short-term  fluctuations,  they  reach  maximum  values  of  ±  1ºC
around the seasonal cycle. Typical daily cycles vary between 1.5 and 2.3 ºC, and
the  spatial  variation  also  shows  low  fluctuations.  Despite  the  fact  that  the
recirculation reduces the shortest fluctuations, these differences are not enough to
influence decision making. These data can be found in Table 14. For Amsterdam
(Table  16)  and  Krakow  (Table  18),  the  annual  averages  are  lower  than  those
obtained for Lisbon, but the magnitude of fluctuations are similar.

Relative  humidity  cycles  have  a  more  severe  impact  on  the  conservation  of
collections  and  should  be  observed  more  carefully.  It  is  possible  to  verify  that
there are seasonal fluctuations in all cases, which implies the use of a short-term
fluctuation  interval  of  ±  5%  RH  around  the  seasonal  cycle  according  to  the
ASHRAE  classification.  For  Lisbon  (Table  15),  it  appears  that  short-term
fluctuations always exceed this limit. Fluctuations above the seasonal cycle, for
example, are always greater than 11% RH. As regard to daily cycles, it is possible
to  find  several  cases  in  which  the  relative  humidity  fluctuates  between  the
minimum and maximum limits imposed by the air conditioning system. In turn,
the spatial dispersion presents values within the limits. For Amsterdam (Table 17)
and Krakow (Table 19), the same trend was observed.

Table 15. Climate characterization according to relative humidity for Lisbon.

Simulation Annual
Mean [RH]

Seasonal Cycle
[%RH]

Short-term
Fluctuations [%RH]

Daily Span
[%RH]

Spatial Drift [%RH]

Hourly Seasonal

1 54.4 -4.4/+3.3 -6.6/+12.1 20.0 3.1 1.7

2 53.9 -5.2/+3.8 -6.8/+11.7 20.0 3.1 1.6

3 53.7 -6.5/+4.0 -7.2/+11.5 19.1 2.5 1.5

4 53.4 -6.8/+4.1 -7.4/+11.4 16.9 1.9 1.3

5 52.4 -5.7/+3.9 -7.4/+11.7 20.0 3.8 2.1

6 52.6 -7.1/+4.4 -8.1/+11.4 18.8 3.8 2.3

7 51.8 -7.8/+5.0 -8.8/+11.0 16.9 3.8 2.5

8 53.5 -6.6/+4.2 -7.3/+11.5 18.1 2.5 1.4

9 53.5 -6.5/+4.2 -7.3/+11.5 18.2 2.5 1.5

10 53.7 -6.4/+4.0 -7.1/+11.6 20.0 2.5 1.6

11 52.4 -6.9/+4.6 -8.1/+11.3 17.6 3.1 2.0

12 52.7 -6.7/+4.4 -7.9/+11.4 18.0 3.1 1.9
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13 53.0 -6.8/+4.2 -7.6/+11.5 20.0 3.1 1.9

14 53.7 -6.3/+3.9 -7.1/+11.5 18.4 1.7 1.1

15 53.6 -6.3/+4.0 -7.2/+11.5 18.8 1.9 1.2

16 53.8 -6.4/+3.8 -7.0/+11.6 20.0 2.1 1.4

17 52.5 -6.7/+4.5 -7.9/+11.4 18.3 2.4 1.7

18 52.7 -6.5/+4.4 -7.8/+11.5 18.3 2.4 1.7

19 53.1 -6.5/+4.1 -7.4/+11.5 20.0 2.5 1.8

Table 16. Climate characterization according to temperature for Amsterdam.

Simulation Annual
Mean [ºC] Seasonal Cycle [ºC] Short-Term

Fluctuations [ºC]
Daily

Span [ºC]
Spatial Drift [ºC]

Hourly Seasonal

1 19.1 -2.9/+5.2 -1.2/+1.0 1.9 1.5 1.4

2 18.5 -2.5/+5.3 -1.1/+1.1 1.8 1.2 1.1

3 18.2 -2.2/+5.1 -1.1/+1.1 1.8 1.0 1.0

4 18.0 -2.0/+4.8 -1.2/+1.1 1.9 0.8 0.8

5 19.0 -2.8/+5.2 -1.2/+1.0 1.8 1.4 1.4

6 18.9 -2.8/+5.3 -1.1/+1.0 1.8 1.4 1.3

7 18.8 -2.7/+5.3 -1.1/+1.0 1.8 1.3 1.2

8 18.1 -2.1/+5.1 -1.1/+1.0 1.6 0.9 0.8

9 18.2 -2.2/+5.1 -1.1/+1.0 1.6 0.9 0.9

10 18.3 -2.3/+5.2 -1.1/+1.0 1.6 1.0 0.9

11 18.7 -2.6/+5.3 -1.1/+1.0 1.7 1.1 1.0

12 18.7 -2.6/+5.3 -1.1/+1.0 1.7 1.1 1.0

13 18.8 -2.6/+5.3 -1.1/+1.0 1.7 1.1 1.0

14 17.9 -1.9/+4.8 -1.1/+1.0 1.8 0.7 0.6

15 18.1 -2.1/+5.0 -1.1/+1.0 1.6 0.7 0.6

16 18.3 -2.2/+5.1 -1.1/+1.0 1.6 0.8 0.7

17 18.6 -2.5/+5.3 -1.2/+1.0 1.7 0.9 0.8

18 18.6 -2.5/+5.3 -1.1/+1.0 1.7 0.9 0.8

19 18.7 -2.5/+5.3 -1.1/+1.0 1.7 0.9 0.8

Table 17. Climate characterization according to relative humidity for Amsterdam.

Simulation Annual
Mean [RH]

Seasonal Cycle
[%RH]

Short-Term
Fluctuations [%RH]

Daily Span
[%RH]

Spatial Drift [%RH]

Hourly Seasonal

1 53.8 -4.0/+4.0 -8.6/+11.5 20.0 2.5 1.4

2 53.2 -4.9/+5.1 -10.0/+10.3 20.0 2.5 1.3

(Table 15) cont.....
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3 53.0 -5.6/+5.6 -10.1/+10.1 20.0 2.2 1.2

4 52.5 -6.6/+6.3 -8.9/+9.8 20.0 1.9 1.0

5 52.8 -4.4/+4.7 -9.9/+10.5 20.0 3.1 1.6

6 52.2 -4.8/+5.3 -9.7/+10.7 20.0 3.1 1.8

7 51.3 -5.5/+6.1 -9.1/+10.3 19.4 3.1 2.0

8 52.8 -5.7/+5.8 -9.9/+10.2 20.0 1.9 1.1

9 52.9 -5.4/+5.6 -10.1/+10.4 20.0 2.1 1.2

10 53.1 -5.3/+5.4 -9.9/+10.4 20.0 2.5 1.2

11 52.0 -5.1/+5.6 -9.6/+10.7 20.0 2.5 1.5

12 52.2 -4.9/+5.4 -9.7/+10.7 20.0 2.5 1.5

13 52.5 -4.9/+5.2 -9.6/+10.7 20.0 2.6 1.6

14 52.9 -6.1/+5.9 -10.0/+9.9 20.0 1.7 0.9

15 52.9 -5.7/+5.6 -10.2/+10.3 20.0 1.9 1.1

16 53.1 -5.3/+5.2 -9.9/+10.3 20.0 2.0 1.2

17 52.0 -5.3/+5.7 -9.6/+105 20.0 2.3 1.4

18 52.2 -5.0/+5.4 -9.8/+10.8 20.0 2.3 1.4

19 52.6 -4.9/+5.0 -9.6/+10.5 20.0 2.3 1.4

Table 18. Climate characterization according to temperature for Krakow.

Simulation Annual
Mean [ºC] Seasonal Cycle [ºC] Short-Term

Fluctuations [ºC]
Daily

Span [ºC]
Spatial Drift [ºC]

Hourly Seasonal

1 19.1 -3.1/+5.3 -1.0/+0.9 1.9 1.4 1.2

2 18.8 -2.8/+5.5 -1.2/+0.9 1.8 1.1 1.0

3 18.6 -2.6/+5.4 -1.3/+1.0 1.9 1.0 0.8

4 18.4 -2.4/+5.3 -1.5/+1.1 2.1 0.8 0.6

5 19.1 -3.0/+5.3 -1.1/+0.9 1.9 1.4 1.2

6 19.0 -3.0/+5.4 -1.1/+0.9 1.8 1.3 1.2

7 18.9 -2.9/+5.4 -1.1/+0.9 1.8 1.3 1.1

8 18.5 -2.5/+5.4 -1.3/+1.0 1.7 0.9 0.7

9 18.6 -2.6/+5.4 -1.2/+1.0 1.7 0.9 0.7

10 18.6 -2.6/+5.5 -1.2/+1.0 1.7 0.9 0.8

11 18.9 -2.9/+5.5 -1.1/+0.9 1.7 1.1 0.9

12 18.9 -2.9/+5.5 -1.1/+0.9 1.7 1.1 0.9

13 18.9 -2.9/+5.4 -1.1/+0.9 1.7 1.1 1.0

14 18.3 -2.3/+5.2 -1.4/+1.1 1.9 0.7 0.5

(Table 17) cont.....

For 
pe

rso
na

l p
riv

ate
 us

e o
nly

 

 
 

Not 
be

 di
str

ibu
ted

 or
 up

loa
de

d t
o a

ny
on

e o
r a

ny
whe

re



Indoor Climate Management Occupant Behaviour in Buildings: Advances and Challenges   315

15 18.4 -2.4/+5.3 -1.4/+1.0 1.8 0.7 0.6

16 18.6 -2.6/+5.5 -1.2/+1.0 1.7 0.8 0.6

17 18.8 -2.8/+5.5 -1.1/+0.9 1.7 0.8 0.7

18 18.8 -2.8/+5.5 -1.1/+0.9 1.7 0.8 0.7

19 18.9 -2.8/+5.5 -1.1/+0.9 1.7 0.9 0.7

Table 19. Climate characterization according to relative humidity for Krakow.

Simulation Annual
Mean [RH]

Seasonal Cycle
[%RH]

Short-Term
Fluctuations [%RH]

Daily Span
[%RH]

Spatial Drift [%RH]

Hourly Seasonal

1 51.8 -5.1/4.5 -12.2/+10.3 20.0 2.5 1.5

2 50.9 -5.7/5.2 -13.7/+10.0 20.0 2.5 1.4

3 50.2 -7.4/6.2 -10.0/+9.7 20.0 2.2 1.3

4 49.2 -8.4/7.7 -7.7/+8.8 17.5 1.9 1.2

5 50.7 -5.4/4.9 -13.6/+10.0 20.0 2.5 1.8

6 49.5 -6.7/5.5 -10.1/+9.6 20.0 3.1 1.9

7 48.1 -7.3/6.5 -8.7/+9.1 16.6 3.1 2.1

8 49.9 -7.5/6.5 -9.6/+9.7 19.8 1.9 1.3

9 50.2 -7.0/6.1 -10.5/+9.8 20.0 1.9 1.3

10 50.3 -6.7/5.8 -10.7/+9.8 20.0 2.2 1.3

11 49.2 -6.8/5.8 -9.3/+9.5 19.4 2.5 1.6

12 49.6 -6.4/5.4 -10.5/+9.6 19.5 2.5 1.6

13 49.9 -6.3/5.3 -10.6/+9.8 20.0 2.5 1.6

14 50.0 -7.7/6.6 -9.7/+9.6 19.9 1.7 1.1

15 50.1 -7.5/6.3 -10.0/+9.8 20.0 1.8 1.2

16 50.3 -6.9/5.7 -10.4/+9.7 20.0 1.9 1.3

17 49.2 -6.8/5.8 -9.4/+9.6 19.5 2.2 1.4

18 49.4 -6.8/5.6 -10.0/+9.8 19.6 2.2 1.4

19 49.8 -6.5/5.4 -10.5/+9.8 20.0 2.2 1.5

This analysis allowed us to conclude that none of the strategies serves the interests
of museums concerning conservation. The high fluctuations in relative humidity
can  be  related  to  several  factors.  Namely:  the  high  variation  of  ventilation
between the daily and night time; too high ventilation causes high fluctuations;
too  high  occupancy,  preventing  the  ventilation  used  to  be  able  to  remove  all
excess  of  water  vapour.

(Table 18) cont.....
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This  chapter  showed  the  weakness  of  the  science  of  indoor  air  quality  when
applied  to  museums,  concluding  that  the  ventilation  rates  usually  used  for  the
occupancy rate of 0.4 visitors/m2 are not adequate.

Further research on the topic should be developed to establish an adequate ratio
between occupation and ventilation in museums, testing various types of climates.

CONCLUSION

Throughout  this  chapter,  we  sought  to  study  the  origins  of  ventilation  rates
proposed  in  various  international  standards,  to  analyse  the  impacts  of  CO2  on
health and comfort and the impact of ventilation on conservation.

Various ventilation approaches have been found. Concerning comfort and health,
the  concept  of  adaptation  was  considered  pertinent,  however,  its  effect  on  the
stability of the indoor climate must be analysed.

It  was  concluded  that  natural  ventilation  usually  plays  an  important  role  and
prevails over any other type of ventilation in several museums around the world.
It is common to allow the use of intermittent mechanical ventilation activated by
certain  levels  of  CO2,  such  as  the  air  recirculation  to  prevent  the  deposition  of
pollutants  and  improve  the  spatial  stability  of  the  climate.  In  these  cases,
ventilation rates of up to 1.5 ach and recirculation rates ranging from 5 to 8 ach
are usually found.

Based on the simulation study carried out in this chapter, it was concluded that the
three cities have considerably different energy needs. For Lisbon, for example, the
greatest  needs  are  related  to  cooling  and  dehumidification,  while  for  the
remaining  cases,  the  heating  needs  are  preponderant.  These  results  seem  to
indicate  the  opportunity  to  use  night  ventilation  for  cooling  in  some  cities  of
southern Europe.

Regarding the impact of ventilation on energy consumption, it was concluded that
the  use  of  mechanical  systems  with  heat  recovery  reduces  the  differences  and
allows  the  use  of  high  fresh  airflows  without  dramatically  increasing  energy
consumption.

As regard to comfort and health, it was concluded that the exclusive use of natural
ventilation  for  the  frequent  renovation  rates  in  historic  buildings  may  be
insufficient and cause serious problems of discomfort and even health. It is also
concluded  that  the  ventilation  strategy  based  on  what  is  common in  museums,
limiting total ventilation to 1.5 ach is insufficient for the occupancy rate of 0.4
visitors/m2 suggested in the standard ASHRAE 62.1, for example.
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Focusing the analysis on the stability of the indoor climate, it was found that none
of the simulated strategies provides adequate conditions for the conservation of
the collections. The results obtained seem to indicate an inadequate relationship
between ventilation and occupation. The solution could be to increase the ratio
between ventilation and occupancy but at the same time reducing the number of
occupants. The need to develop more research on this topic is evident. The ratio
between  ventilation  and  occupation  that  serves  museum  conservation  needs
should  be  studied.
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