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OCCUPANTS’ SPACE HEATING BEHAVIOUR IN A SIMULATION-
INTERVENTION LOOP
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Figure 1 eViz loop
METHODOLOGY the role of occupant behaviour (Fabi et al., 2011). In

To achieve the aim of capturing occupants' space
heating behaviour through simulation, a thorough
literature search of the potential factors influencing
occupants’ space heating behaviour in residential
buildings is completed. The amalgamated results of
previous studies, either confirming or rejecting a
causal relationship between the factor and space
heating behaviour, are used to establish a series of
important ‘factors’, which need to be incorporated in
building performance simulation. In addition, the
paper reviews how these factors are currently
implemented in traditional building simulations. In
each section, the findings as well relevant discussions
are presented simultaneously.

BACKGROUND: THE ROLE OF
OCCUPANT BEHAVIOUR IN
BUILDING ENERGY USAGE

Occupants affect the performance of buildings in two
ways: “passively” and “actively” (Mahdavi, 2011).
Passive effects describe occupants’ presence in a
building as a source of heat, water vapour, carbon
dioxide etc., and active effects describe occupants’
manipulation of control devices such as windows,
shades, radiators and fans to bring about desirable
indoor conditions.

While building simulation tools represent all key heat
and mass transfer processes in buildings, it has been
noted that there is often a discrepancy between
simulated and measured energy use (Bordass, Cohen
& Field, 2004; Bordass et al., 2001; Demanuele,
Tweddell & Davies, 2010; Menezes et al., 2011).

The reasons for this discrepancy are currently under
further investigation. Apart from consequences of
assumptions, simplifications and numerical processes,
it has been suggested that it is also strongly related to

order to investigate the role of occupant behaviour on
the energy performance of buildings, a number of
studies (Branco et al., 2004; Emery & Kippenhan,
2006; Marchio & Rabl, 1991; Norford et al., 1994,
Seligman & Darley, 1977; Seligman, Darley &
Becker, 1978) have focused their attention on the
energy consumption of identical buildings. The
results show that the variation between actual and
predicted energy use is mainly related to the final
build quality, the building systems installed and the
manipulation of these systems by the building
occupants.

As the focus of eViz is on changing occupants’
behaviour in buildings in order to achieve energy
demand reductions, the passive effects of occupants,
which are hard to control, are currently outside the
scope and instead the emphasis is placed on the
modification of the active behavioural effects.

While many factors contribute to the energy demand
of a dwelling, this paper only focuses on the energy
used by the space heating system, due to its great
contribution during the wintertime. Generally, this
part of energy is related to control settings (the
operation of the space heating system with respect to
frequency, area and magnitude), physical factors
(efficiency of the building fabric/heating system),
and environmental conditions (outdoor climate).
However, the deciding factor is the human occupant
of the indoor space, who judges the thermal comfort
conditions and changes control settings to achieve
desired indoor environmental conditions. In this
paper, this active behaviour is named as ‘space
heating behaviour’, which leads to the definition of
three interrelated variables: setpoint temperature,
number of rooms heated and heating period. Even so,
currently not enough is understood about how space
heating behaviours relate to other underlying factors
(e.g. gender of occupants, dwelling types, occupancy
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etc.) to incorporate these explicitly in performance
simulation applications in order to achieve realistic
simulation-based building performance predictions.

At present, the traditional way of modelling
occupants’ space heating behaviour in simulation
tools is based on assumptions directly applied to the
building energy balance. In the following sections, an
investigation is carried out on what factors can
possibly influence occupants’ space heating
behaviour in actual residential buildings, and how
those factors, if at all, are currently being handled in
building performance simulation.

REVIEW OF FACTORS INFLUENCING
SPACE HEATING BEHAVIOUR

Table 1 presents the findings of a thorough literature
search of the potential factors influencing occupants’
space heating behaviour in residential buildings. In
total, 38 papers related to this behaviour have been
found. Based on the results from these papers, a
discussion is made in this paper, with respect to the
influence of potential factors on occupants’ space
heating behaviour.

7TDEOH

/ILWHUDWXUHY HYDOXDWLQJ WKH IDFWRUV LQIOXHQFLQJ RFFXS

Does the factor influence occupants’ space heating behaviour?

Potential influencing factors

Total No. of papers

No. of ‘Yes’ papers No. of ‘No’ papers

01. Outdoor climate

5 0

02. Room type

03. Dwelling type

04. Dwelling age

05. Dwelling size

06. House insulation

07. Previous dwelling type

08. Type of heating systems

09. Type of temperature control

AN~~~ B0 ]|W

10. Energy use recording

—_
S

11. Occupant age

12. Occupant Gender

13. Occupant Cultural/Race

14. Occupant Education level

15. Ownership

16. Household size

17. Family income

18. Thermal sensation

19. Time of day

20. Occupancy
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21. Time of week

[—

22. Type of heating fuel

—

23. Perceived IAQ and noise

24. Social grade

25. Health

26. Year/Season
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27. Heating price
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In Table 1, Columns 2 to 4 provide a series of
numbers that establish the current research on each
factor. Column 2 lists the total number of collected
literatures with a suitable discussion on the influence
of each factor. Column 3 provides the number of
literatures that confirm the influence of the factor on
occupants’ space heating behaviour, and Column 4
indicates the number of studies that reject the
influence of that factor.

From Table 1, it can be seen that within these papers,
27 possible factors have been considered in existing
studies to have influence on occupants’ space heating
behaviour, but with varying conclusions regarding
their casual effect. Within these potential factors,
some have been investigated more frequently than
others. For individual factors, not all of the previous
studies agree on whether they have an influence on
space heating behaviour or not. Although the number
of previous studies for each factor varies, the
following factors could be considered to be
unambiguously influential on occupants’ space
heating behaviour in residential buildings, namely

REPRESENTATION OF OCCUPANT
BEHAVIOUR IN SIMULATION TOOLS

In the last section, 27 possible factors have been
identified to have influence on occupants’ space
heating behaviour in residential buildings, based on a
thorough review of relevant literatures. In this
section, a discussion is made on how these factors are
currently used in building performance simulation.

Figure 2 links the 27 factors to a schematic process
for building performance simulations, which consists
of the definition of a wvirtual experiment, the
production of simulation output in terms of
observable states, and finally postprocessing or
aggregation of these observable states into
performance indicator values, following the structure
presented by Augenbroe in (Hensen & Lamberts,
2011).

Figure 2 mainly shows three levels of information.
The core level, which is enclosed by the red dotted
line box, shows the process of building performance

RXWGRRU URORP DWBBHIO O L,QK RWVSHimuylations. Therefore, this level is called the

LQV X ODWAISRIQ RI

KHDWL®JISH\VR¥HRtion procedure level in this study. Normally,

WHPSHUDWXRHF K 8 Q@MWRE HxhdG D Yhere are three sequential steps in this level. Firstly,

R F F X S Bs@hE hwumber of studies confirming the
influence is much higher (more than 3 studies) than
the number of studies rejecting the influence. The
remaining factors could be classified into three
categories: 1) the influence of that factor had been
confirmed in a small number of existing studies and
without papers rejecting the influence, and this

category includes SUHYLRXV GZIRGOBXKQD

Step 1 prepares two parts of information for the
simulation: information on building representation
and information on operational conditions.
Occupants’ space heating behaviour, which is the
behaviour investigated in this paper, belongs to the
second part of information, as highlighted in Figure 2.
Based on the information prepared in Step 1, building

frlance simulation tools will then generate some

JHQGRIFFXSDQW FX®OMUAHLY HU® F Bifse@4B1S states in Step 2, such as heating load,

QR.LVRFL D O anHUKDHIHR WHE \influence of
that factor had been rejected in a small number of
existing studies and without papers confirming the

humidity load, environmental factors indoors and
pollutant emissions. In the last step, Step 3, the
observable states will be aggregated to higher level

influence, and this category includes GZHO OL QJ inderthilion (performance indicators), for example,
WASH RI KHDWDRQ JV,EEHHD WL QJ  Shbkel Ebnsumption per annum, overheating hours,

3) the influence of that factor had been confirmed
and rejected in nearly equal numbers of existing

studies, and this category includes GZHOOLQJ
XVH , IRFAFXBGION HGXFD

HQHUJ\

peak load or others.

DJH
thi}qu?oné)lpye(l,W@ich is outside the red dotted

RZQHU¥XRIXSY HKR OGP V@ | HL. QRRPHP B box but enclosed by the blue dash line box, many

VHQV,Dald LR DP H R.IThe Hadtdts in these
three categories still need further studies to identify
their influence. Therefore, at this time, it is not
possible to exclude any of the 27 possible factors of
occupants’ space heating behaviour, based on the
results from existing studies.

traditionally included inputs for the building
performance simulation are defined. Therefore, this
level is called simulation inputs level. From the
above figure, it can be seen that some factors
discussed in this paper have been used in traditional
building performance simulation, as they are
connected with one or more information boxes inside
the simulation procedure level. However, only a few
of them, such as room type, occupancy etc., are
currently connected with the modelling of occupants’
space heating behaviour.
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7KH ODVW OHYHO LQIRUPDWLRQ QW (R G H /I-$7E
GDVK OLQH ER[ ,W LV WKH LQ R%SPQ'MR‘Q—M%‘V—%U‘H
LJQRUHG LQ WKH EXLOGLQJ s%@ﬂé%@ WV KH. ETD VFXVVLRQV
SURFHVV )LJXUH KLJKOLJKWV YWKDM FSQ@Vé‘H/F\!(%f\)/ﬁH; KHDWLQJ
LQ WKLV VWXG\ DUH LQFOXGHG LFQQWERQU[OH-QHJP@W%\P%LE/W@@ W KXW
OHIW VLGH RI WKH GLDJUDP ZHOO WUHDWHG LQ FXUUHQW E

VLPXODWLRQ 7KHUH DUH SRVVLE

SURSRVHG LQ H[LWRQKDYWXGSRMVLEO
JURP WKH LQIRUPDWLRQ SURYLGH® d-RHY KM VR ¥HEMLAESD QWW F @DFH KHI
EHLGHQWLILHG WKDW RFFXSDQWW LRFW X¥XK® O JH KR WRQVLGHU DC
EHKDYLRXU LV PXFK PRUH FRPSGH{UuWKPRD WK W UDCIIMERR® O | Q HOIL]
EHKDYLRXUDO SDWWHUQV GHILQK®EX ARV Wh b WH EXIRYGLWR HDFK E X
SHUIRUPDQFH WXPAGDWLRQPXODWYE8RUHIWH YWYXDOLVH WKH LPSDFW R
W\SLFDOO\ IRFXV RQ WKH EXLOGp IwkHUHRWLRIDQ ik ol WS- ®ILR IV R | QVKXF
FRQWH[W RI XQFHUWDLQW\ 7\SLEDOHP} WKHI\HBDY N wiUH PIRRMOOLQJ RI
OLWWOH LQIRUPDWLRQ DERXWRSHRADOWLRHDXPE WEH QGG PRODWLRQ SUF
RFFXSDQWYVY XVH WKH EXLOGLQJ WLI(Q\PDQ?\X@QBVFWINVWU\RFDM("BDQWVﬂ D]
XQQRZQ OHW DORQH WKDW FRPGRQHIHYVRR HAWWIKy QR XH D SUH
HQJLQHHULQJ QRQ EXLOGLQJ FRRNWIDOWKRE DIFIVURDEKDRKEHK Lv LQV
HVWDEOLVKHG 8QGHU WKLV FROQGHAMWIRRD WKHDKEIRSIW WY KO YHD WRWR SuU

PRGHO D VWDQGDUG RFFXSDQW EXKPILEXY HWIKRHI@ PEHSHP LPIX ODWLRQV
VDIHW\ IDFWRUV WR GHDO ZLWK SRWHQWLDO GHYLDWLRQ $V D

FRQVHTXHQFH PDQ\ RI WKH LQWULFDWH UHODWLRQVKLS
GHSLFWHG LQ )LIXUH DUH QRWS3 VBB@B@OHEF#?KJD\Y/I:B%@B@/LR UHIHUHGQ

HITRUWY XQOHVVY QHZ PRGHOV DLﬁﬁﬂ'@Wb"l‘éé@Wﬁq@G E\ :BVY BY DRSRUWDQ
FWRU DITHFWLQJ RFFXSDQWVY XVH R

EXLOGLQJV %DVHG RQ WKHLU VXUYH\

,PSOHPHQWDWLRQ RI IDFWRUV LQ WUDGLWLRQDO EXL(
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GLVFXVVHG IKDIi LI DQ RFFXSDQIfV SHUWVRQDO EHKDYLRXUDO EH XVHG JHQHUDIHG IURP GDID FRUHFIHG IURP
SUHIHUHQFH LV FRQVLGHUHG ZKHQ PRGHWLQJ KLV KHU ORQJILIXGLQDO PRQUIRULQI RI' RFFXSDQIV] EHKDYLRXU
ZIQGRZ EHKDYLRXU RIKHU IDFIRW UKDW FDQ FODWWLIN\ +D0GL  SRELQVRQ ZH %XVZHO ~ /RYHGD\
EXL0GLQJ RFFXSDQIV LQIR FRPPRQ VXE JURXSV FRX0G EH <XQ 7XRK\  6IHHPHUY RU  GHGXFHG
LJQRUHG DV IKHVH IDFIRU RQON DIHFW 3 W K H G L V W UE\ EFRXBDQIR \@DIHG EHKDYLRXUDO SUHIHUHQFHV  SLID0 Hil

RI W\SHV R Z LIQHBAR &EXR*S YQUKHLU

VIXG\ WKHVH IDFIRUV LQFOXGHG RFFXSDQI JHQGHU ZKLFK
FODWLILHV EXLOGLQJ RFFXSDQIV LQIR PDOHV DQG IHPDOHY
DQG I0RRU OHYH) ZKLFK FODWLILHV EXLOGLQJ RFFXSDQIV
LQIR UKRVH ZRUNLQJ RQ IIKH JURXQG 10RRU DQG IKRVH RQ
XSSHU I0RRW = LIKLQ WKH  IDFIRW GLVFXWVHG LQ UKLV
SDSHU WKHUH DUH D JUHDI QXPEHU RI IDFIRUV KDY KDYH
WKLV FKDUDFIHULVILE VXFK DV INSH RI GZHXLQJ IN\SH RI
IHPSHUDIXUH FRQIUR) HIF  7KHUHIRUH LI IKH VLPXODILRQ
LV FDULHG RXI EDVHG RQ RFFXSDQIV] SUHIHUHQFH RI
VSDFH KHDILQJ RSHUDILRQ #iKH FRPSOH[L\ RI PRGHXLQJ
WKHLU VSDFH KHDILQJ EHKDYLRXU LQ VLPXODILRQ FRXG EH
VLIQLILFDQION UHGXFHG DQG WKLV DSSURDFK LV FDOOHG
SUHIHUHQFH EDVHG VLPXODILRQ LQ KLV VIXG\

7KH IDFIRU SHUWWRQDO EHKDYLRXUDO SUHIHUHQFH JHQHUDOO\
FODVVLILHV EXLOGLQJ RFFXSDQIV LQIR VHYHUDO EHKDYLRXUDO
OHYHWV DFFRUGLQJ IR KRZ DFILYHO\ WKH\ XQGHUIDNH D
SDUILFX0DU EHKDYLRXU )RU RFFXSDQIV] VSDFH KHDILQJ
EHKDYLRXU WKLV FRX0G EH UHIHWHG WR  GLITHUHQW
SUHIHUWUHG OHYHOV RI' VSDFH KHDILQJ VHISRLQW LQ WKHL
EXWGLQIV  1RUPDION  ZKHQ PRGHWLQJ RFFXSDQIV]
EHKDYLRXU LQ EXLOGLQJV D WKUHH OHYHO KLHUDUFK\ RI

EHKDYLRXUDO ~ SUHIHUHQFH LV DGRSIHG ~ %RXUJHRLY
SHLQKDUI ODFGRQDIG +DIGL SRELQVRQ
<XQ 7XRK\ GIHHPHWY UDFILYHS

UPHGLXPY DQG §SDWLYH] 7KHUHIRUH LQ UKLV VIXG\ D
WKUHH OHYH) ~ KLHUDUFK\ KDV EHHQ SURSRVHG IRU
RFFXSDQIV] VSDFH KHDILQJ EHKDYLRXU LQ UHVLGHQILDO
EXWGLQIV LH DFILYH KHDILQJ XVHU| ZKR SUHIHW D
KLIK KHDILQJ VHISRLQI pPHGLXP KHDILQJ XVHU] ZKR
FKRRVHV DQ DYHUDJH KHDILQJ VHISRLQI DQG pSDWVLYH
KHDILQJ XVHU| ZKR XVHV D ORZ KHDILQJ VHISRLQN
$SSDUHQION ~ RFFXSDQIV|  SHUWRQDO  EHKDYLRXUDO
SUHIHUHQFH  ZL00  GLUHFION  LOIOXHQFH UKH HQHUJI\
FRQVXPSILRQ RI IKHLU EXLGLQIV DQ WDFILYH KHDILQJ
XVHUT XVHV PRUH HQHUJI\. IKDQ IIKH RIKHU IIZR XVHU INSHY
GXH IR D KLIKHU VHISRLQI RI UKH KHDILQJ VAVIHP
7KHUHIRWH D FKDQJH IRP D KLIKHU OHYH) RI KHDILQJ
XVHU IR D ORZHU OHYH) FRX0G KHOS IR UHGXFH IKH
EXLOGLQJ HQHUI\ GHPDQG DV VKRZQ LQ LIXUH  DQG
WKLV GHILQHV IIKH EHKDYLRXU FKDQJH GLUHFILRQ IRU VSDFH
KHDILQJ RSHUDILRQ

Active Medium Passive
heating user | heating user heating user

YLIXUH

20QH FKDOOHQJIH RI PRGHOLQJ RFFXSDQIV] EHKDYLRXU
EDVHG RQ WKH SHUVRQDO EHKDYLRXUDO SUHIHUHQFH LV KRZ
iR DORFDIH D SDUILFX0DU XVHU INSH 1RU IIKH VLPXODIHG
EXLOGLQJ *HQHUDOON\ WKHUH DUH lIZR PHIKRGV WKDIl FDQ

D0 ,Q HOL] KH 0DWHU PHIKRG LV DGRSIHG DV
IIKH IRUPHU PHIKRG LV iLPH FRQVXPLQJ DV ZHW0 DV ZLiK
D KLIK HFRQRPLF FRW 7R REIDLQ RFFXSDQIV] VIDIHG
SUHIHUHQFHV LQ WKH IXIXUH WIXG\ D FRPSXIHU EDVHG
IRR0 KDV EHHQ GHYHORSHG DV VKRZQ LQ JLIXUH ~ ZKHUH
IIKH VHFILRQ UHODILQJ WR VSDFH KHDILQJ EHKDYLRXU KDV
EHHQ KLIKOLIKIHG

[ Beraviourteinceor

st P S SPw » | ———

Behaviour Selector

I winterr, how do you set your heating system?

In winter. how often do you use your extamal window?

In wintar, how often do you we your extamal doar?

Pleass chooss

YLIXUH

JLIXUH

7R GHPRQWIUDIH WKH LPSOHPHQIDILRQ Rl 1iKH
SUHIHUHQFH EDVHG VLPXODILRQ DSSURDFK D OLIKHZHLIKW
H[DPSMH URRP LV PRGHIHG LQ (QHUJI\SOXV 9 "2(
ZKLFK FRQIDLQV D ZLQGRZ DQG D GRRU (ORFDIHG
RQ WKH VRXIIK 1DoDGH DQG WKH QRUIK IDoDGH UHVSHFILYHO\
DV VKRZQ LQ )LIXUH ,Q WKLV PRGHO WKH VSDFH KHDILQJ
VAVIHP LV PDQXDO0\ FRQIURWHG EN WKH URRP RFFXSDQI
IKURXJK VHINILQJ GLITHUHQN IHP SHUDIXUH VHISRLQIV

%HKDYLRXU FKDQJH GLUHEWLRQ IRU YSDFH
KHDWLQJ RSHUDWLRQ 7R GHPRQWDIH “TKH “HQHIJ\ “VDYLQJ™ SRIHQID) E\

FKDQJLQJ EHKDYLRXU IURP D KLIKHU VSDFH KHDILQJ XVHU
INSH IR D O0RZHU XVHU I\NSH FRUUHVSRQGLQJ KHDILQJ
VHISRLQIV 1RU HDFK I\SH Rl VSDFH KHDILQJ XVHUV DUH
GHILQHG DV & IRV IIKH pDFILYH KHDILQJ XVHU{ &
IRU WKH pPHGLXP KHDILQJ XVHUY DQG & IRV 1KH
USDWLYH KHDILQJ XVHU] EDVHG RQ IIKH UDQJH RI FRPIRUN
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temperature defined for living spaces in BS EN
15251 (BSI, 2008). Figure 6 shows the simulation
results for the winter period (1% October to 31°*
March), using the outdoor weather data collected
from the Gatwick, London, UK.
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Figure 6 Space heating energy consumption in
winter, for different space heating users

The simulation results depicted in Figure 6 reflect
that changing heating behaviour has a significant

contribution on reducing the building energy demand:

for an ‘active heating user’, if he/she changes to a
‘medium heating user’, the total energy saving during
the winter period could be up to 845.6 kWh, and a
further reduction of 818.3 kWh could be achieved if
he/she changes to a ‘passive heating user’.

The above example is based on engineering
temperature values recommended in building design
standards. To realistically classify the three types of
space heating users, occupants’ actual behaviour in
real buildings is still needed to be captured, and this
task is currently being conducted in the eViz project.
However, the above example indeed demonstrates
that the preference-based simulation approach can be
used to drive behaviour change in buildings.

CONCLUSION

This paper describes some initial work from an
interdisciplinary project, eViz, which is aiming to
achieve changes in occupant behaviour for energy
saving, using energy visualizations. As a first stage,
this paper reviews the potential influential factors on
occupants’ space heating behaviour in residential
buildings, which is one of the two important types of
active behaviour considered in eViz. The other active
behaviour considered in this project is window
opening behaviour. From this work, a set of 27
factors has been defined that contains all the factors
considered by researchers in previous studies to have
influence on occupants’ space heating behaviour in
residential buildings, and this reflects that occupants’
space heating behaviour in actual buildings is a very
complex process.

As building performance simulation is the main
approach adopted in eViz to visualize the influence
of changing behaviour upon building energy demand,
the representation of those 27 factors in present
building performance simulation is discussed as well.
It is found that current modelling of space heating
behaviour in building performance simulation only
considers a small number of influential factors
discussed in this study. Therefore, further studies are
needed to provide more realistic behaviour modelling
in simulation.

To address the complexity of occupants’ space
heating behaviour in real buildings, a preference-
based simulation approach is introduced in this paper.
It can not only reduce the number of influential
factors that are needed for realistic behaviour
modelling, but also drive behaviour change in
buildings. The latter one has been demonstrated in
this paper using a lightweight example room
modelled in Energyplus.
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