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Over the past 15 years, the evaluation of energy demand and use in buildings has become increasingly acute due
to growing scientific and political pressure around the world in response to climate change. The estimation of
the use of energy in buildings is therefore a critical process during the design stage. This paper presents a review
of the literature published in leading journals through Science Direct and Scopus databases within this research
domain to establish research trends, and importantly, to identify research gaps for future investigation. It has
been widely acknowledged in the literature that there is an alarming performance gap between the predicted
and actual energy consumption of buildings (sometimes this has been up to 300% difference). Analysis of the
impact of occupants’ behaviour has been largely overlooked in building energy performance analysis. In short,
energy simulation tools utilise climatic data and physical/ thermal properties of building elements in their
calculations, and the impact of occupants is only considered through means of fixed and scheduled patterns of
behaviour. This research review identified a number of areas for future research including: larger scale analysis
(e.g. urban analysis); interior design, in terms of space layout, and fixtures and fittings on occupants’ behaviour;
psychological cognitive behavioural methods; and the integration of quantitative and qualitative research
findings in energy simulation tools to name but a few.

1. Introduction

Over the years, the need to be more sustainable has significantly
increased global focus towards energy related analysis. Climate change
is foreseen to be the greatest environmental threat and challenge of
modern times. International agreements such as the Kyoto Protocol;
European agreements such as the European Emissions Trading
Scheme and European Directive on the Energy Performance of
Buildings (EPBD); and UK national measures such as the United
Kingdom's Climate Change Programme (UKCCP) and the Climate
Change Levy (CCL); all demonstrate its prominence. Thus, govern-
ment, businesses and wider society all have a pivotal role to address
human impact (hence, occupant behaviour) on the environment. In
this regard, predicting energy demand is becoming more important in
the design and construction of buildings, from early design stages to
post occupancy. According to Janda [1], the growth in knowledge and
public concern with regards to climate change has ensured increased
attention towards energy consumption in relation to buildings.
Statistics have affirmed that buildings are colossal consumers of
energy. As published in the “International Energy Outlook” by the
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U.S. Energy Information Administration [2], 20% of the total energy
consumed worldwide is within the building sector (including residen-
tial and commercial). Another study [3] demonstrated that from 1970
to 2014, the domestic sector alone used between 24% and 27% of the
total energy consumption in Europe. Likewise, a separate study
undertaken by the European Environment Agency (EEA) [4] presented
similar results in their analysis. In 2015, EU statistics [5] reported that
buildings (including services and households) consumed around 40%
of the total energy use in 2015. In China and India, the building sector
accounts for 37% [6] and 35% [7] of the total energy consumption,
respectively.

Such that is the acute need to drive down energy consumption, in
2002, the Energy Performance Building Directive (EPBD) announced
new regulatory conditions for all EU countries to decrease the energy
needed for heating, cooling, ventilation and lighting in buildings.
Therefore, estimated energy efficiency level of buildings has to be
considered in the design of buildings, and subsequently in construction
documentations [8] as part of the planning process.

Energy consumption of buildings is related to various factors
including: the thermo-physical properties of the building elements,
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Fig. 1. The gap between the predicted and actual use of buildings.

its construction technical details (energy-efficient building elements
may not perform efficiently if poorly-constructed), climatic location
characteristics, the quality (and maintenance) of the installed HVAC
system, and occupants’ behaviour and activities towards energy
utilization [9,10]. During the design stage of buildings, energy simula-
tion is used to predict energy consumption of buildings based on design
information, however, several studies [8,11-16] showed that there was
a considerable discrepancy between the predicted and actual energy
consumption of buildings. The studies demonstrated that the actual
energy consumption of buildings is sometimes up to 3 times greater
than the estimated calculation. Thus, this performance gap is due to the
difference between the building design and the as-built building in
terms of the technical workmanship and installations, choice of
equipment and material during the construction stage, and the energy
behaviour of occupants, which has been disregarded in the energy
simulation process [8,16] (Fig. 1).

Nevertheless, post occupancy energy-use evaluation has been
analysed in numerous research projects. For example, the ROWNER
project [14] considered three stages: design and construction, post-
occupancy evaluation and overheating. The project analysis [14]
demonstrated a significant difference between the total energy con-
sumption between two flats within the same building block due to
differing occupant behaviours, including: different presence at home,
different occupancy levels, and variations in the occupants’ thermal
preferences. Similarly, major differences in energy consumption of
similar building blocks were reported in another study [17]:
Martinaitis, Zavadskas [ 13] conducted five different studies to highlight
that buildings did not perform as predicted, even when the energy
simulation was very accurate. They concluded that human behaviour
and occupant preferences as an important contributor of the gap
between the predicted and actual building energy performance.
Furthermore, Schakib-Ekbatan, Cakici [12] identified occupants’ be-
haviour as the most overlooked parameter that “might not be con-
sidered as part of the energy design” within the chain of design,
construction, operation and maintenance. As such, a range of studies
have ensued focusing on the influence of occupants’ behaviour on
building energy consumption with the focus to interpolate behavioural
aspects into building energy simulation tools to improve their accuracy
[18]. However, despite active research being undertaken in this area,
the findings are fragmented and, therefore, there is a real need for
international collaboration in the sharing of collected data and
discovered findings [19]. This paper aims to undertake a comprehen-
sive review of existing studies in this area to identify research trends
and gaps for future studies.

2. Method and material
2.1. Research method

This review paper aims to provide a summary of the extant
literature. The selection criteria of the literature used for this critical
review paper was primarily based on the direct relevance to the subject,
and also a number of studies which focused on related subjects due to
their substantial importance.

Review papers usually follow a process of ‘search’ for relevant
publications, utilising citation indexes against pre-determined criteria
for eligibility and relevance to form an inclusion set relating to the
research area. To reduce bias in this process, an objective and
transparent approach for research synthesis was adopted, including
both quantitative analysis and qualitative reviews. Therefore, Science
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Direct and Scopus databases, two of the leading citation index
organisations, were used. For this study, the terms “building energy”
and “occupant” were used to select any papers where it was found in
the title, abstract and/ or keywords. In order to limit this wide scope
(more than a thousand papers were identified by Science Direct and
Scopus) and to focus closely on the influence of occupant behaviour on
building energy consumption, a further search was made through the
existing database using more relevant keywords. As a result, both
“occupant behaviour” and “energy consumption” have been repeatedly
used in the title, abstract and as keywords of various research papers
that were considered as the closest key words for the topic of this
research review paper. Following such, a search up to and including
August 2016 identified more than 100 research papers for this review,
with the majority directly related to the impact of occupant behaviour
on building energy consumption were published between 2013 and
2016, to reflect this fast developing research area.

According to the reviewed papers, the most frequent key words
used by scholars in this subject area are ‘occupant behaviour’, ‘energy
consumption or energy use’, ‘energy simulation or modelling’ and
‘energy efficiency or performance’, followed by ‘comfort’ and ‘beha-
viour' (Fig. 2). Thus, this identifies the notable relevance of comfort-
related studies in occupant behaviour.

The papers identified were subsequently categorised in terms of the
methodology used, building type (i.e. residential, offices, etc), occu-
pants’ interactions with buildings and the influential parameter(s)
identified in the papers on occupants’ energy behaviours (see Table 1).

Analysis of Table 1 is concluded as follows:

® Residential buildings and offices respectively account for 44% and
31% of the reviewed studies in this topic area. Less than 20% of
these studies used commercial and educational buildings as their
case studies, and cultural and recreational buildings and health
centres have not been sufficiently researched and reported, and thus,
require further investigation. The number and percentage of each
building types used as case studies in the reviewed papers is
illustrated in a pie chart (Fig. 3).

The majority of studies focused on one or more particular types of
occupant's interaction, such as the use of electricity and plug loads
(31%), window opening behaviour (18%) and use of fans/ air
conditioning (15%) (Fig. 4). Although the use of hot water (4%) is
limited in the literature, it starts to appear in the more recent
publications.

Many studies focused on one or more influential parameters of the
occupant's choice of behaviour and satisfaction. Among those
parameters, climatic (environmental, physical) and personal (psy-
chological and physiological) parameters have attracted more atten-
tion than other parameters, and accounted 33% and 28% respec-
tively of the totally review papers. Other parameters, such as

30 28

25

20

14
13

10 10

The most used key words among the reviewed papers

Energy Consumption/ Energy Use
Energy Efficiency/ Performance
Behaviour

W Occupant Behavior
Energy Simulation/ Modeling
Comfort

Fig. 2. Frequency of the key words among the 43 occupancy related papers.



Renewable and Sustainable Energy Reviews 80 (2017) 1061-1071

E. Delzendeh et al.

(abvd 1xau uo panuyuod)
OIUIOU0DY /[BUOSID]
Ayirenb
SuIp[ing /o1Wou0dy /onewr
oneuI)
onewiD

onewr)

newI )

sI1PweIRd

[enuaN[JuU] JO UOLIROYISSB[)
sainyes,] usisaq

Ayanoe jo ad4g,

[euosiog

[BUOSIoJ-0100S

(fprungy) onewrty

[euosIog

(eameradure)

100pIN0/100pU]) dLRWI[)
SOLIOAY[], INOTARYIY “ONEWI)
(19pusy ‘98y)[euosiod
[BUOSIoJ-0100S

(441 :restdojoyassd) [euoSIDg-01008
onew)

(Se1pnig [eINOIARYRY) [RUOSID

—NCOmpvm
Aranpy jo odAy, - Surpping maN /pIO
onewD

onewln)) /[euosiog
onewiD

OReWID

(1eo13o1oypAsd) euosiad

sarmeay udisoq
(serpnig [eanoiaeyay) [euosiog
armueda( -[eALLY

(swen Jo sdusnyjuy) [eUOSIDJ

Sunesy

sinoiaeyaq A31ous sjuedndoQ
(Butuonipuodo

ary) uondwmsuo) ALY
uondumnsuo) AR

suej jo asn / Suruado mopuipy
(drun Surpuey 11y) WIsAs DVAH

Suruado mopuipp

Suruado mopuipp

sinotaeyaq A31eus sjuednooQ
spur[q mopuip /Sunysry
Sutuado mOpuIp QelsouLIay,
suoroeILUl ,sjuRdNIQ
LouednooQ

saouerdde jo asp

Aouednoo

sioiaeyaq A31ous sjuedndoQ
dotop 3unysry

(s1ondwo)) seoueridde jo asn
simotaeyaq A31us sjuedndoQ
siolaeyaq A31ous syuednooQ

smotaeyaq A31ous sjuedndoQ

Suruado smopurpy

simotaeyaq A31ous sjuedndoQ
uonoejsnes ,sjuednooQ

uondwnsuod 1918\ pue AJDLIIF[Y ‘SeD)
uondumsuo) ALY

Sunesy

soouerdde jo as)

smoraeyaq A319us sjuedndoQ
sinotaeyaq A31eus sjuednooQ

I91eM 107 JO 9s()

saouerdde jo as)

uondumsuo) ALY

SuruonIpuoo Ire Jo asn

Suruado s100p

/smopuim pue uondwnsuo) ALY
uondwmsuo) ALY

UONL[[JUSA SPOWI-PIXIUI JO S}
simotaeyaq A31ous sjuednooQ
SINOIARYR]

A310u0 pue douUssal] syuednooQ
sioiaeyaq A31ous sjuedndoQ
simoiaeyaq A31ous sjuedndoQ
siolaeyaq A31ous syuednooQ
uondumsuod LInds[y pue Sunesy
(syySr| ¥sey pue

‘siontuowr ‘sdoidey ‘sdopysep) peo Snid

S[eNUOPISAY SAISSBJ
(9UWIOOUT-MOT) [RLIUSPISSY

(W0oUI-MOT) [BIUIPISTY
Teuonieonpy

[enuapIsay

S01IO

SO

SO

[EDISWIUIO)) ‘[BUOLEINDH
SO

[enuepIsay

[eRUBPISIY

SO

SO

[eRUSpISay

SJUOWIUOIAUY [BNIIA

(yoIeasay dYIULg
‘uonenSIUIWpY ‘ssauisng) sadyJO
[eRILDWWO)

[euopIsoy

[eRUSpISoY

SeOFO

SO
SO0
SO0

[enuapIsoy
SO0

[enuopIsay

[enuepIsoy

Pag 1597, [eNUIA s[onuo) SuIpng ‘saoujo

[enuopIsYy
[enuspIsay
[eRISWWO)
([001g) [euonERONPH
[enuapIsay

[euoneonpy
Paq-1s9], [onuo) pajeisaruy Suiping
aliife)

A101R10qR]

S92IO

[BIOIOWWO) ‘[RLUSPISY
[eIBWMIO)

(9sy-ySIH) [enuapIsay

SOOIJO ‘[RIOIDUIOY

sanbruyoa ], uoissaidey o[dumyy ‘SisA[euy ANANISeS
MITAIU

Loamg ‘Apms pRIA

Sururwr eyeq ‘Suriojiuoly ‘Apnis ase)

AdaIng 1noraeyag juednod( ‘AoAIng LI0JWIO) [BULISY,
SuLIO)IUON PRI ‘ApmiS ase)

(SuruTur S3NI UOTIRIDOSSE PUE SISATRUR Ia1SN[D

:sonbruyda) Sururu-eIep 0M] YIM) SISA[RUY [BOTISTIRIS PAUIqUIO)
aI1eMJOS [eansIIelS SSJS Suls() sIsA[euy ele( ‘UONRAIdSQ P[OLL
SULIOUOIAL 10] IOMIDN SSO[IIM ‘JuatuLIadxy]

UnLIOS[Y 19)[1] UeuIey

901 V(I [00], UONB[NUIIS JTWRUA

[9POIAl [BOTISTIRLS UTRYD AONIRI ‘AAINgG 9S[) SUIL],

SIONO ASISUY SSO[IIM ‘SWIAISAS UOIBOOT SWILY, [y ‘SULIONUOTN
Surury eyeq ‘yuawiLadxy

UONB[NWIS ‘MIIAY

Asamg reonsnels ‘Apmig ase-sdnmiy

JuaurLradxy

SPOYISIA

O[Ie) AUON—UTEY) AONIRJ PUe [eruIou[od ‘Apms ase)-ardnmiy
sisA[eue ejep [eluewLIAdXy

alreuuonsan() ‘Aoaing

SJUOWIDINSEIIA ‘AoAIng

Suppoel], uewiny ‘syuswaInSea]y ‘AoaIng ‘Apmi§ ase) reurpmySuoy

sasATeuy uolssaIday onsi3o7 ‘ereq SuLIONUOA ‘Apnis ase)
ApmS a1 Ieak-auQ ‘[PPOIN paseq-1uasy

UOISSa130Y oNSISOT ‘A9AING 1LI0JWO) [RULISY,

sjuswRInsesA LouednooQ 1504 ‘eareuuonssng) uednooQ ‘Apnig ase)
arreuuonsand)

sIsA[euy ANADISUSS ‘A9AING SIIRUUONSINY) JUOWDINSBIIN P[OLL
£3o[01uQ

£30[0pOISIAl paseq-Sururur ele( ‘eje £dAINnG Ieak-g Sunsixy
uonemuIig Apnig 9se) ‘[PPOIN InolARyayg paseq-juady
SuLIoNUON ‘ApmiS pRIA

SISA[eUY ANANRISUSS ‘SULIONUOIA ‘Apmig ase)

SUOIPIPaIJ PuB UOHBOYISSB[) ‘SULIOIUOIY POSe(-I10Suag
Apmg ase)

1UaWLINSEIN PRI ‘ApniS 9se)

s10suas 3uisn SULIOUOIA ‘ApniS ase)

[9POIAl AONIRJAl USPPIH PUB 991], UOISId( ‘quawiLIodxy
MIAY

elR( 2ATIRII[ENY) ‘AI09Y], UOISIdQ

SULIONUOA sw-[edy ‘QuawLIddxy

AaaIng ‘Apmg ase)

Suwasny) ‘syuswaInseaA Aouednddo-1sod pue aig
(W'TOIN) SuLojuojy peo] juednooQ SAISNIUT-UON
UOTIBOISSE[D) SS001J UBISSNRD ‘AdAIng ‘Apnig ase)

olpnisy Suis() sisA[euy eieq ‘ApmiS pold SI1BdX ¢

[6¢] (€102) 49100 pue W31g
[8S] (€102) 'Te 10 umsasueT]

[£5] (€T02) 'Te 10 olowoy
[9¢] (#T0T) Te 30 seSmg
[¢s] (b102) Telry
[+S] (#102) T8 10 unx
[es]
($T0T) SuoH pue edQ,q BUOWIS
[2S] (bT0T) Te 30 11
[15] (#102) 'Te 10 nkerp
[0S] (#10T) Te 30 Leunn
[6¥] (bT0T) Te 3@ ®0O.A
[8¥] (#10T) 'Te 1@ uosuyopr
[£+] (STOZ—T0T) T8 3° IeJIpnOSeIy
[9v] (¥102) Te 3° OeyZ
[6€] (ST0T) 'Te 10 Suog

[6] (STOT) 'TB 32 WBYD
[St] (STOT) ‘I8 ¥ ueLIepAdH

[++] (ST0T) Suq pue Suem
[e] (§TOT) ‘T8 ¥ seuiqmd

[2+] (S10T) 'Te 19 pawreyoy
[1+] (§10T) Te 3 [elry

[0v] (ST02) Te 30 umasue]

[21] (ST0T) e 30 wereqyg-queyds
[6€] (ST0T) Te 10 Suag

[8€] (§T0T) "Te ¥ nueserpuy
[+1] (ST02) 4NH

[£€] (STOT) & 12 MORY,

[9€] (ST0T) Te 10 Suem

(811 (§T702) "Te ¥ SuoH

[ge] (ST0T) T8 10 nx

[¥€] (9102) Te 30 umasue]
[91] (9102) 'Te 3 1[ED

[e€] (9102) T8 10 Twzey

[ze] (9T0T) ‘T8 3@ modmoisoy|
[T€] (9102) T8 3 JnO

[0€] (9102) 'Te 10 ouwda[pg

[62] 'Te 10 ofpsid

[82] (9102) uoco pue niy
[£2] (9102) T8 10 opwo[Es
[92] (9107) 2qe1D uoA

[g2] (9102) Y1ed pue uyy

[+2] (9T0T) usurerRlrey

[¢2] (9T0T) 'Te 10 sejexey

[2Z] (9102) uyy pue efuesyey
[12] (910T) Suey pue Suep

[02] (910¢) 193e1g pue Ipue)

Jdpuwered enuanguy

suonoerdur sjuednddQ

2d4) Surpping

ASo[opoy1dIN

Jeaf ‘(s) zoyny

‘s10jourered [enuanjul pue surpmg yum suonderur syuednooo ‘sad£y Surpnq ‘ASojoporeur ‘uonjesrqnd jo 1eak £q siaded pamarsal o) jo uonesLIoSa1e)

T 9IqeL

1063



Renewable and Sustainable Energy Reviews 80 (2017) 1061-1071

E. Delzendeh et al.

(o1418971]) [PUOSIDG

(£punoary) seouerdde jo asp
spurg /Sunysiy ALod[y
SINOIARTR]

A319us pue doussaid juedndoQ

[enuopisay
SO

[euoneonpy ‘se0IO

AoaImg ‘Apmig ase)
sI0suag Jo 9s() ‘e1e PRI ‘Apmis ase)

urey) AONIBIN /[OPOIAl OISLYI0IS

[¢8] (£002) [& 1 UtunN-Ty
[+8] (#002) MeyquLY

[0T] (2002) Te 1 98ed

platiitife} SueJ puR SI100p ‘SMOPUIM S01IO KoaIng ppa1] Ie2A-auQ ‘wiLIoS[y aandepy [£8] (8007) & 10 [ely
juepuado L], -[BALLIY Suruado mopuipy SO eleg SULIOJIUOIA ‘Apnig ase) [28] (800¢) SIouIed)g pue ung
- ouasaId SO urey) AONIRIA ‘[OPOIA OLISeYD01S [18] (8007) Te 1@ aSeq
- Suneay [euapIsoy eleq SUBSIXY jo siskfeuy A[iqeLes [08] (600¢) T 30 stponp
JTRWI[) /OIOUOIH-01I0S sioiaeyaq A31ous sjuedndoQ [enuapIsay (SOTY) £oamg ,uondunsuo) A319uy [BLIUAPISNY,, SunNSIXy [64] (6002) UNZ pUB SIdWIIAIS
[euosiad-o0g /onewit)) uonoejsies syuednodQ [enuapIsay Apmis poId [82] (010g) oey pue nuederpug
- sinoiaeyaq A31eus sjuednooQ [PrUapISIY POYISIN PIXIIN ‘MolASY] [£4] (0102) T8 18 ussIe]
suonemsdsy sinoiaeyaq A31eus sjuednooQ [eruapISaYy SISA[RUY UOISSaI3ay ‘Oseqele(] [BIUSWILISA0D [92] (0T0OT) unues eiLnoy

fuanoy
Jo ad4], /udisaq noAe] soeds KouedndoQ SYJO Apmig ase) [64] (1102) ‘T8 1° usp[on

[¥L]
(uorjeuLIONU]) [RUOSId] Surjoo) pue Sunesy - AdAING Pase(-}ouIalu] ‘YUSWAINSLIN PRI (1T07) BAMNYS pUE ISIOMYDS
- suej pue SMOpUIMm JO as() — uoneAIasqQ ‘Aoains paig [e£] (1TOT) Te 30 [elry
- sinoleyaq A31oud syuednooQ [enuapIsay Surunu eyeq ‘Apnig ase) [24] (1T0T) ‘T8 10 ALIdp UNyZ nx
- - [eRULpISSY sisA[euy uorssaIgay ‘AoAIg ayis-uQ SULIONUON [1£] (T102) T8 30 .O0.01d
(314159]1]) [PUOSIDJ-0100S simotaeyaq A31ous sjuedndoQ [enuapisay SJUSWAINSBIIA BIR( dATRINUEBNY) ‘SUOTIBAISSQ dS-UQ [04] (2102) T8 1@ Suag
aqreuuonsand)

JIWOU0dY /onewI) suej Jo asM) [enuapIsay ‘U0NOR[[0) Bl ASIOUY ‘SIUSWAINSEI]N MO[JIIY ‘ApniS PRI [69] (2102) W] pue yied
sIgjouwrered [enuanfyuy Suruado mopuipy - MIAY [8] (2102) 'Te 1@ 1qed
- sinoiaeyaq A31ous sjuedndoQ [PRIOWWO) AdAING punoI-Iesdx [89] (£102) 8 1° smaipuy

azIs
Aqrureg /9snoy ‘(31£1s9J1]) [BUOSIDG Sunesy [BNUBPISOY Apmg aseD [£9] (€102) T8 30 191SBW >
(uoneuLIOJU]) [PUOSIDG sinotaeyaq A31ous sjuedndoQ [enuapISaY Apmg TeoLndury [99] (£102) ‘[ 1 urep
onewt) sinoiaeyaq A31eus sjuedndoQ [PruapISIY smataIU] ‘Apmig ased-odnniy [S9] (#T0T) ‘Te 1° Aressoply
- uondumnsuod AL SOYJO ‘TenuapIsay JuswiLIadxy [+9] (£102) 'Te 1° ‘[ID-Zaunaey
- QOUdsAId SO urey) AONIR]Y ‘ApmiS ase) [€9] ($10T) ‘Te 10 uasiepuy
- uruado mopuipy [eruapISaY SULIONUON WLIS-SUOT/WNIPIA ‘Apnis ase) [8] (€102) 'Te 30 1qeq
(Quawysiqanyay) Surpymng maN /PO uonoejsies syuednodQ SO sfaaing Aouednooo-1sod pue a1 [29] (€102) 'Te 1° uRssoH-eysy
(owoour pue 98 ) OIOUOIH-0II0S simoraeyaq A31ous sjuedndoQ [enuapIsay Apms A19AINg [19] (£T10T) T& 1° u_dYD
plaidiitife} Ainsg [enuapISaY SISA[euy B1e( IO Mews [09] (£T0T) ‘[ 1° ueisnoaey
Jawesed fenuanpguy suonpeIduI sjuednddQ ad4&) Surpmmg ASo[opoyIdIN Jeaf ‘(s) zoyny

(ponuzjuod) 1 dqeL

1064



E. Delzendeh et al.

Other types, Virtual
6,7% Environment/
Educational, Test-bed, 2,
6, 7% 2%

Residential,
36, 44%

Commerecial,
7,8%

Offices, 25,
31%

Fig. 3. Different building types used as case studies.

Hot water, 2, 4% Thermostat, 1, 2%

Blinds, 2, 4%
Electricity, Plug
load, 17,31%
Heating, 7, 13%

Occupancy/
Occupant's
presence, 7, 13%

Use of fans/ Air
conditioning, 8,
15%

Window opening,
10, 18%

Fig. 4. Different types of occupants interactions.

Type of activity, 2,
3%

Arival/Departure of
Occupants, 2, 4%

Climatic
(Environmental/ph

Socio-Personal, 6, )
ysical), 19, 33%

10%

Economy/
Regulations, 6, 10%

Personal
(Psychological,
Physiological), 16,
28%

Building/ Design
Features, 7, 12%

Fig. 5. Influential parameters on occupants’ energy behaviours.

building features (old/ new conditions and design quality), economy
and regulations, socio-personal, occupant's arrival and departure,
and type of activity, were investigated in different studies (Fig. 5).

Thus, in undertaking this review, a number of key topics from the
existing studies on the influence of occupants on building energy
consumption were also identified as pertinent. A review of each of the
topics is discussed in the following sections.

2.2. Occupant behaviour

Occupant behaviour refers to the interaction with building systems
in order to control the indoor environment for health, and to obtain
thermal, visual and acoustic comfort inside buildings. Mankind's
“desire for control” [86] over environmental factors is not limited to
the outside environment, but also, within their living spaces. According
to Bluyssen [87], improvement in air quality (by bringing fresh air and
eliminating air pollution and odour), acoustical conditions (by avoiding
unwanted noise and vibrations), visual or lighting quality (by control-
ling luminance ratios, reflections and glare) and aesthetic status, in
addition to, improving thermal comfort inside the living environment,
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are the building inhabitants’ prerequisites for being able to adjust
building systems and components. Therefore, occupants can influence
the indoor environment through their presence and activities in the
building.

Cabanac [88] coined the term “alliesthesia,” composed of two words
“allios” meaning “changed” and "aisthesis" meaning “sensation”. Using
this term, the author described that “a given external stimulus can be
perceived as either as pleasant or unpleasant depending upon signals
coming from inside the body”. People naturally try to avoid unpleasant
conditions and look for pleasant ones. “If a change occurs, such as to
produce discomfort, people react in ways to restore their comfort” [89].
However, due to physical, physiological and psychological differences
between people, and many other external drivers such as economic and
regulatory issues, people do not “receive, perceive, and respond” the
same way [87].

The term “thermal comfort” was introduced during the late 19th
century. The principal definition of thermal comfort was described by
the American Society of Heating and Air-Conditioning Engineers [90]
as: “that condition of [the] mind which expresses satisfaction with the
thermal environment and is assessed by subjective evaluation”. Despite
the subjective nature of thermal comfort, two quantitative formulas,
first developed by Fanger [91], are used for its measurement: predicted
mean vote (PMV) and predicted percentage dissatisfied (PPD). PMV
models integrate the impacts of temperature (air temperature and
mean radiant temperature), humidity, air velocity, the metabolic heat
rate and clothing thermal properties to predict the thermal comfort
level [92]. Since their emergence, thermal comfort and specifically
PMV and PDD models have been studied widely and modified by
several researchers for use in different types of buildings worldwide.

Thermal comfort factors discussed in PMV models (such as: indoor
temperature, humidity, clothing type, etc.) are considered in building
energy assessment tools, however, there is the individual aspect in
thermal comfort related to personal experiences and expectations
which is not reflected in the estimation of energy consumption in
buildings.

The total energy consumption of buildings are not only influenced
by the metabolic heat produced by occupants passively, which is
considered within the occupancy section of energy simulation software,
but also by their active energy use. Occupants interact with control
systems and building elements to reach their own personal desired
level of comfort in different ways: use of building openings (e.g.
opening and closing windows), use of lighting and controlling solar
shading (e.g. adjusting blinds), use of HVAC systems (e.g. turning air-
conditioning on or off and adjusting thermostat temperature), use of
hot water and electrical appliances (Fig. 6).

The occupant's choice of the type of controls to reach his/ her

Occupant Status

Occupant energy
behaviour

Absence

of Occupants Energy cause

Production of

Presence | Passive ) Internal
metabolic heat
of Occupants / hest gains
Active Active Use of lighting
Energy Use and solar shading
Use of HVAC Energy
systems and consumption
set-points
Use of hot water
U f li s
— Ventilation
Use of openings (M2 of rate)

Fig. 6. Occupants’ types of activities affecting building energy consumption.
Adapted from [81].
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comfort is based on its efficiency, ease and its potential unwanted
consequences [73]. Hong, D'Oca [18] identified actions (such as
adjusting the level of clothing, opening a window and turning down
the thermostat temperature) and inactions (such as moving to a
different location and tolerating some discomfort) as differing strate-
gies of occupants ‘behave’ (behaviour) towards the same thermal
discomfort. These approaches, however, impact on the amount of
energy use, and thus, it is important to understand the relationship
between the building and its users’ living style and their energy use
behaviour [9,12,18]. HVAC systems, electrical devices and lighting that
enable users [occupants] to manage their own thermal and visual
comfort, are the key sources of energy consumption in buildings [93]
and variations in using these systems can cause significant variations in
the total energy consumption in buildings, and hence, accounts for the
gap between actual use and predicted energy consumption.

Several scholars have categorized occupants and their energy
attitudes to different groups. D’Oca, Fabi [49] divided occupants into
active, medium and passive users of energy. The active user changes
the heating set point to get warmer/ cooler; conversely, the passive user
choses to do nothing and tolerates some level of discomfort. In another
categorisation, Hong, D'Oca [18] ranged people's actions more de-
scriptively from “energy frugal” to “energy profligate” via “energy
indifferent”. Operating another method, Chen, Yang [9] classified
behavioural factors within residential buildings into three levels
according to their complexity: simple, intermediate and complex.
Further, he suggested three research methods to study each category:
statistical analysis, case studies and detailed diagnostics/ simulation,
respectively. Thus, occupants profiling based on their energy beha-
viours could lead to more accurate assumptions in the energy analysis
of buildings. However, a large-scale comprehensive study with sig-
nificant quantitative data is needed to produce reliable energy profiles,
which is presently not available.

Additionally, some scholars have focused on a single activity of
occupants affecting building energy consumption. For example, the
window opening behaviour of occupants has been widely studied
within ~ various  building types in  differing climates
[8,12,29,49,52,53,73,82,94,95]. Most of the studies on window open-
ing behaviour have focused on the effect on ventilation [96] and studied
the time, frequency and duration of opening windows. However, the
calculation of the influence of an open window on building energy
consumption requires complex air movement considerations that are
not effectively accomplished in any of the existing studies.

Moreover, a number of studies have focused on other types of
occupants’ energy behaviours such as: the use of appliances and
electrical consumption [10,20,28,29,32,35,44,46,56,60,64,68,85], use
of lighting [31,45,50,84], use of fans [69,73] and air conditioning
[30,54], adjusting blinds [50,84] and changing thermostat set-points
[49]. The use of hot water also has been considered, albeit in fewer
studies [9,14,33,97]. A recent study [93] showed that water heating
accounts for 7% and 18% of the total energy consumption in residential
and commercial buildings in the USA, respectively, which is considered
as the 4th and 2nd most sources of energy consumption in these
building types. Therefore, depending on the building type, it would
appear that the use of hot water might have critical influence on the
total energy consumption of a building; however, this requires further
investigation to be conclusive.

Of critical consideration, the majority of existing studies focus on a
single energy behaviour, however, in reality, energy behaviours are
often inter-linked. The inter-relationship between different energy
behaviours of occupants has been highlighted by some scholars in
the literature. Bourgeois, Reinhart [98] criticised that although the
findings of some studies showed that using automated control in
lighting decreased the lighting consumption, in some cases it did not
reduce the total energy consumption. In this regard, they [98]
suggested the link between the use of natural lighting and energy
consumption through cooling or heating and thus developed the
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“lighting: cooling:heating ratio”. In another study, Yan, O’Brien [99]
discussed how occupants’ use of window blinds affects the use of
daylight. Studies on the inter-relationship between various energy
behaviours of occupants are useful but currently limited and further
analysis is much needed.

In addition to active energy use, the metabolic heat produced by
occupants themselves impact on the building's energy passively by
directly increasing the internal heat gain. Occupant's presence and
movement within building spaces have been investigated and modelled
by a number of scholars [10,13,47,63,81] using various indoor
localisation techniques, such as crowd modelling tools and other
statistical analysis methods [10,13,47,63,81]. Page, Robinson [81]
reported occupant's presence “as an inhomogeneous Markov chain”
which was disrupted with absence periods. Later, a model of the
presence profile in office buildings with single or more occupants using
observation together with inhomogeneous Markov chains was pro-
posed by Andersen, Iversen [63]. The findings of these studies can
improve the accuracy of occupancy profiles in building energy predic-
tions, and are beneficial to be extended and used in studies on
occupants’ active energy behaviours. As an example, Masoudifar,
Hammad [47] applied two wireless sensors, one for occupancy location
monitoring and the other for monitoring their energy behaviours; in
conclusion, they demonstrated a link between occupant's presence and
active energy behaviours. Moreover, several studies have demonstrated
that the consequences of occupants’ behaviours significantly increase
the total energy consumption of buildings during non-working and
unoccupied hours [15]. A study on the energy consumption of six
commercial buildings in South Africa (with hot and dry climates)
reported that 56% of the total energy consumption was consumed
during non-working hours which was believed to occur simply because
of occupants failed to turn off the HVAC system and lights before
vacating buildings [100].

Human behaviour is a complex phenomenon; therefore, most
human behaviour studies adopted probabilistic methods. Fabi,
Andersen [8] underlined that the gap between simulated and actual
energy consumption of buildings was the result of deterministic
methods and unrealistic schedules used in simulation tools. In a fixed
environmental condition, a person may behave completely differently
on different occasions, which confirms the importance of using
comprehensive data. This emphasizes the importance to use more
realistic and comprehensive methods in this subject area.

2.3. Parameters influencing occupants’ energy behaviour

As discussed earlier, comfort (specifically thermal comfort) is a
state of mind that varies from person to person due to personal
(physiological, psychological) and social parameters, which directly
affect occupant's energy use. In addition, climatic parameters, econom-
ical parameters, regulations and policies, architecture and interior
design of the space and building types directly influence energy
behaviour of occupants (Fig. 7). Fabi, Andersen [95] reported the
influential parameters on window opening behaviour of occupants, and
classified these parameters into five groups: physical environmental
factors, contextual factors, psychological factors, physiological factors
and social factors.

Climatic (environmental, physical) parameters such as outdoor
temperature, relative humidity, solar radiation, wind and rain are
important parameters influencing occupants’ interactions with building
systems to acquire thermal comfort. A research study [73] used a clear
description of the climatic parameters by providing an example of an
office block consisting of different cellular offices: it considered each
cellular office had a window and was occupied by one person; the
outside weather was cold and all the windows were closed. The
research concluded that if the room temperature increased gradually,
more and more occupants would feel too warm and would open their
windows. The outcome of this research can be presented as a curve to
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Fig. 7. Factors and sub-factors influencing energy behaviour of occupants.

show the probability of having open windows, which can be extended to
other activities using different scenarios. The influence of climatic
parameters on occupants’ energy behaviour has been widely studied for
different types of climatic conditions [12,36,41,46,52,55,60,
61,65,83,94,101]. These parameters are time/ date dependant, there-
fore, in many studies stochastic models are used to estimate the
probability of potential outcomes. Monitoring occupants’ real interac-
tions or (and) occupant behaviour surveys, in addition to, year-round
thermal measurements are introduced and used in these climate
related studies [94].

The building type determines the type of activity, clothing type,
production of metabolic heat, together with the occupants’ specific
needs and expectations and their possible degree of interactions with
building systems. Various research studies have focused on particular
building types (or type of activities), focussing heavily on
residential buildings [8,9,13,16,21,23,30,33,35,36,41,42,55,57—
61,65-67,69-72,76-80,85,89,94,102] and offices [12,20,24,25,27,
34,37,38,40,44,46,47,52—54,62,75,81,101]. The level of attention paid
to residential buildings and offices is due to their critical impact on the
total energy consumption in the building sector. Some studies have
investigated commercial [20,22,23,32 43,51] and educational buildings
[29,31,51,56] with limited findings. There have been sparse studies
undertaken on other public building types such as exhibitions and
health centres.

Social and personal (psychological and physiological) para-
meters play a substantial role in occupants’ comfort and energy attitude
and has been broadly studied. Martinaitis, Zavadskas [13] identified
social and personal factors affecting energy behaviour of households
such as: users’ awareness of energy issues, gender, age, employment,
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family size and socio-cultural belonging. Also, Janda [1] highlighted
the effect of education and awareness-raising on people's energy
attitude. Some studies have discussed one social or individual para-
meter; for example, the differences between male and female thermal
preferences have been stated by some scholars [38,78,103,104].
However, the most dependable and comprehensive studies with
regards to social and personal factors in this subject area, combined
two parameters using human behavioural theories by Tetlow, van
Dronkelaar [37] and Ajzen [105] to study occupants’ electricity
consumption in office buildings. Also, Hong, D'Oca [18] applied an
ontology called DNA's framework, using a behavioural-cognitive the-
ory, to suggest four key components governing occupants’ energy
behaviour: drivers, needs, actions and systems. Various behavioural
theories, for example, the theory of planned behaviour [105], cognitive
complex theory [106] and cognition as a network of task [107],
considered the changeable human cognition process by connecting
human and environment. Unfortunately, there is little evidence to
suggest that the findings have been incorporated into building energy
assessment tools. The authors believe that a multi-disciplinary ap-
proach is needed to bring together social scientists, energy modellers
and construction engineers to tackle this complex problem. In addition,
more detailed quantitative studies governing the sociology aspects of
occupants’ behaviours are suggested as necessary by some scholars
[19], which is essential to improve the accuracy of energy consumption
predictions in buildings.

Energy regulations and economical parameters such as
energy price and employment have been discussed in various studies.
In addition, the influence of these parameters on occupants’ energy
consumption behaviour in buildings has been raised by some scholars
[13,14,16,36,57,58,69,73,76]. Studies show that when occupants are
directly responsible for pay energy bills they act more energy frugal
[36]. Rijal, Tuohy [73] investigated the relationship between energy
price and occupants’ thermal tolerance, which affects the total energy
consumption of buildings. According to the findings of the study by
Park and Kim [69], more than half of the respondents to their
questionnaire indicated that energy costs as the main reason for
avoiding the use of mechanical fans and accepting some level of
discomfort. However, Romero, Bojorquez [57] showed that in harsh
climatic conditions (e.g. very hot weather), low-income occupants
consumed more electricity for cooling in comparison to other house-
holds due to the inadequate thermal insulation of the buildings.
Similarly, Chen, Wang [61] stated that occupants’ economic situation
could determine the quality and size of their housing, which would
consequently affect energy consumption. In another study, Langevin,
Gurian [58] conducted semi-structured interviews of occupants in low-
income public housing, which revealed notable differences of energy
behaviours between rental paying occupants and government subsi-
dised occupants.

A number of studies have revealed that occupants tended to adjust
building systems and appliances more at arrival than at departure of a
building. Therefore, state of occupants (arrival, presence in the
space and departure) have been considered and modelled in a number
of research projects [10,22,81,82] and the connection between occu-
pants’ movements and their behaviours have been investigated. In
order to simulate the occupant's presence, Page, Robinson [81]
proposed an algorithm by supposing present/absent status of occu-
pants in each zone as a miscellaneous Markov Chain. Some studies
used different indoor tracking methods to capture occupants’ move-
ments and presences such as: sensor-based systems (e.g. passive
infrared (PIR) motion sensors) [108], vision-based methods
[109,110], wultrasound [111] and WLAN location fingerprinting
[112,113]. Furthermore, integration of these methods in studies
related to occupant's energy behaviour can provide new insight towards
the subject area.

The impact of architecture and interior design features on
occupant's behaviour has been broadly studied [114,115]. With regards
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to energy consumption, the term “sustainable interior design” de-
scribes the integration of sustainability principles in the interior design
of space as part of building construction [116]. The practice is mainly
focused on use of green material and energy efficient systems [117].
The interior design of space can influence occupant behaviour in
differing ways, including: visual quality of building openings (windows
and doors), the architecture circulation and colours, material and
compositions of interior spaces which may change occupants’ thermal
perception. However, the effects of interior design of space on
occupants’ energy attitudes have not been studied extensively. The
differences between occupants’ behaviours in old and new (or refur-
bished) buildings have been reported in several studies [31,62].
Moreover, Goldstein, Tessier [75] stated that space layout could
influence occupant's presence, as it could link to the type of activity
that occurs at the location within a space. Therefore, the probability of
occupant's presence in certain locations based on different functions of
the space could be simulated. Also, there is a proven link between
lighting design and the occupant's lighting consumption. Gandhi and
Brager [20] investigated the influence of occupants on plug load
(electricity and lighting) energy consumption in office buildings and
proposed an energy efficient strategy by decreasing the general ambient
lighting and using task lights instead. Based on a rational statement,
Karjalainen [24] suggested that using fixed and robust design strategies
can decrease the effects of occupant behaviour on energy consumption
in buildings, however, some studies highlighted that built environ-
ments with fixed thermal properties consume more energy and do not
provide more thermal comfort for the occupants [118].

The term “design for sustainable behaviour,” which is mainly used
in product design, refers to the role of designer in directing sustainable
user behaviour during the design stage [119,120]. It is posited that if
appropriate strategies are applied to the design of a product, the
designer can positively influence the sustainable use of the product
[119]. Also, a number of studies have confirmed the successful role of
games, such as Cool Choices [121], as a motivation for occupants to
practice more sustainable behaviours [20]. In order to change occu-
pant's energy behaviour, two main approaches have been suggested:
disincentive and motivation approaches (e.g. laws and regulations) and
by increasing individual's knowledge and awareness [122]. Day and
Gunderson [123] pointed out that it is essential to educate occupants
and improve their knowledge and understanding of building systems,
especially in high-performance buildings. Karatas, Stoiko [23] em-
braced a framework to measure the results of occupant's behavioural
change in energy consumption using a “motivation-opportunity-abil-
ity” method. As a result, the study demonstrated effective behavioural
change approaches to attain falls in energy consumption in buildings.

Furthermore, the vast majority of research on occupants’ energy
behaviour focuses on single buildings and there are only a few studies
that investigate the urban scale impacts [69,71]. It is suggested that
future research could extend to the urban design scale [68] as the
understanding of the impact of occupants’ energy behaviours on energy
consumption on a larger scale improves the credibility of energy
consumption policies made using more realistic data. The existing
methodologies used to study the subject area in single buildings can be
adjusted and used as the basis of further similar studies on the urban
scale.

2.4. Occupancy factor in energy simulation

Energy simulation of a building is a mathematical analysis of the
physical properties of the building elements, considering thermal and
lighting aspects [8]. Jang and Kang [21] explained “building form,
thermal properties and energy controls” as different inputs of building
energy modelling. Current energy simulation engines such as TRNSYS,
ESP-r, IES Virtual Environment or EnergyPlus, follow an almost
similar procedure to calculate energy consumption in buildings. The
final outputs are heating/ cooling/ ventilation design data, lighting
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data, CO, emission, the total energy consumption and cost. The
reliability of the final output is strongly related to the accuracy of the
initial energy model (which is sometimes a simplified version of a
complex volume), together with, the ability to set correct data to all the
available parameters of the software.

For example, in DesignBuilder, a leading energy simulation tool,
energy behaviour is considered in the “activity” section of the software.
This section includes: occupancy (to modify the density of people
within each zone), activity factor, gender adjustments, clothing and use
of computer and other equipment. Another widely used tool,
EcoDesigner, has less occupancy inputs including: occupant's presence
schedule and type of activity that determines the human heat gain.
Autodesk Revit Architecture's energy section is also limited to occu-
pancy schedules. Thus, the majority of specialists entrust default
occupancy schedules of energy simulation software for energy analysis.
Martinaitis, Zavadskas [13] confirmed the reliability of default occu-
pancy for the energy efficiency assessment of households consisting of
4 occupants with high accuracy, concluding that there is a direct
relationship between the importance of occupancy information in
energy simulation and the “complexity” factor of the energy perfor-
mance assessment.

However, neither within both energy efficiency certification meth-
ods nor in energy simulation software are occupants’ energy behaviours
fully evaluated or considered [13]. Yang, Santamouris [15] highlighted
the critical importance of occupancy information in indoor environ-
mental quality, energy consumption and building energy simulation.
Occupant's impact on building energy consumption is only considered
in the occupancy section of energy simulation software. Input data
regarding occupancy in energy simulation software is limited to
occupants’ presence in fixed and scheduled patterns, and these do
not reflect reality [8,13]. As an example, in residential buildings, the
default occupancy is measured based on the floor area [14]. The
ROWNER research project [14] showed that use of electricity in
residential buildings was directly related to occupant behaviour and
lifestyle. This research project and other similar studies, demonstrated
that by neglecting occupants’ interactions with building systems in
building energy calculations leads to inaccuracies. Wetter, Bonvini
[124] criticised the use of imperative programming paradigm in
current energy simulation software and suggested using computer
algebra instead, which is faster and more accurate. They also high-
lighted problems such as difficulty for programmers to further develop
the current programs, or to add new parameters. The consensus from
researchers is that behavioural parameters should be fully incorporated
into energy simulation tools in order to provide more accurate energy
predictions,

3. Conclusion: current research limitations and
recommendations for future studies

The impact of occupants’ behaviour on buildings is a growing
research topic given the need to address climate change challenges.
Numerous studies have investigated the impact of occupants on the
energy consumption in buildings with the need to reduce the perfor-
mance gap between the predicted and actual energy consumption of
buildings. Occupants’ active and passive energy behaviours (including:
window opening, use of solar shading and blinds, adjusting HVAC set-
points, use of hot water, etc.) are not fully considered in current energy
analysis tools. Thus, there is an inherent demand for energy modellers,
researchers and designers to improve the calculation of energy
consumption of buildings by considering energy behaviour of occu-
pants. The main challenge is the complexity and dynamic nature of
occupant's energy behaviour, which are influenced by various internal
and external, individual and contextual factors. Therefore, occupants’
motivations and reasons, and the various factors influencing their
decisions to interact with building systems together, with the impacts
of their actions on the total energy consumption of buildings, have to
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be studied in a multi-disciplinary approach to incorporate the factors
from a sociology, psychology, economics, engineering and design
perspectives.

This paper reviewed more than 100 publications related to occu-
pant energy behaviour in buildings with the aim to identify the research
gaps for future studies. A summary of the key findings are:

e Approximately 75% of the reviewed research, which directly studied
the impact of occupant behaviour on building energy consumption,
have focused on residential and offices buildings (44% and 31%
respectively); fewer number of studies have analysed commercial
and educational buildings, while, some building types such as
exhibitions, recreational and healthcare facilities have been given
sparse attention and require further analysis.

e The review of the literature also revealed that the majority of the
research concentrates on single buildings, and urban scale impact
has not been investigated adequately, forming a highly recom-
mended area for future research. Likewise, at the micro level, the
impact of interior design in terms of space layout, fixtures and
fittings on occupants’ action scenarios, thermal perceptions, and
consequently on their energy behaviour has been overlooked and
requires further investigation.

e In terms of the parameters influencing occupants’ energy beha-
viours, personal (physiological and psychological) parameters have
been taken into account in many studies (approximately 30% of the
reviewed papers). The most recent behavioural methodologies
suggest the consideration of not only the individual and personal
characteristics of occupants, but also the particular features of their
social context. However, only 10% of the reviewed papers have
focused on both social and personal (socio-personal) factors.
Therefore, the authors believe multi-disciplinary approaches are
needed to combine socio-personal parameters through psychological
cognitive behavioural methods (e.g. theory of planned behaviour
[105], cognitive complex theory [106] and cognition as a network of
task [107], which could provide new insights to the domain.

® According to the reviewed publications, the different types of
occupants’ interactions with building systems, such as use of
electricity, use of fans (or air conditioning) and use of building
openings (windows and doors), have been investigated. However,
some areas, such as the use of hot water has a significant impact on
energy consumption in some building types (e.g. residential), have
received scant attention in comparison but are considered to have a
likely impact on energy use. Furthermore, future investigations
about the inter-relationship between different energy behaviours
of occupants are needed, which will generate more realistic assump-
tions in building energy predictions.

® A considerable number of studies contain detailed methodologies
including case studies and experiments, using different types of
qualitative and quantitative data gathered by pre and post-occu-
pancy surveys, occupant monitoring (using sensors or observation),
field measurements and questionnaires, followed by data analysis
(Markov Chain, Monte Carlo and logistic regression) and simula-
tions. The findings of these studies have provided a clearer insight
towards understanding the impacts of occupants’ behaviours on the
energy consumption in buildings. However, the findings, at present,
have yet to offer significant improvements in predicting occupants’
energy behaviour in buildings. Particularly, the translation and
integration of the findings of these studies into building energy
simulation tools to reduce the gap between predicted and actual
energy consumption in buildings still remain a significant research
challenge in this area.
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