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NATURALLY VENTILATED BUILDINGS 
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During a field study of the thermal comfort of workers in natural ventilated office buildings in Oxford and 
Aberdeen, UK, we.re carried out which included infonnation about use of building controls. The data was 
analysed to explore the effect the outdoor temperature has on the indoor temperature and how this is effected by 
occupants' use of environmental controls during the peak swnmer (Jwie, July and August) .. The proportion of 
subjects using a control was related to indoor and outdoor temperatures to demonstrate the size of the effect 
The results suggest that the use of controls is also related to thermal sensation and their appropriate use is a 
significant part of adaptive behaviour to modify the indoor thermal conditions. 
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INTRODUCTION 

The ability of building occupants to control their internal environment is usually available. The importance of 
control in reducing the need for high-energy solutions has become increasingly clear [Leaman & Bordass 1997, 
Baker and Standeven 1995]. In natural ventilated buildings, greater control over thermal environment and 
ventilation could be obtained by using co1DIDon means of control. 

Longitudinal and transverse surveys were carried out during a field study of the thermal comfort of workers in 
natural ventilated office buildings in Oxford and Aberdeen, UK. The surveys were spread over a period of one 
year. Openable windows and blinds are available in all buildings. Some individuals also have electric fans. The 
use of these controls was noted as part of the larger comfort study in buildings. The data was analysed to 
explore the use of environmental controls during summer. 

The analysis shows that the use of controls plays a significant role in modifying the indoor thermal conditions. 
The proportion of 'open window' increases with the increase in outdoor or indoor temperature. The regression 
analysis of the each control on outdoor and indoor temperatures was used to demonstrate the size of the effect 
Allowing cross ventilation (window and door both open) was found to lower the indoor temperature. The effect 
of the availability of controls is demonstrated. Occupants closer to the windows reported less discomfort than 
those away from the windows. Analysis of the change of use of each control was also earned out at different 
indoor and outdoor instantaneous temperatures and comfort votes. The results of the analysis are presented in 
this paper. 

mE SURVE Y. 

Thermal comfort field surveys were conducted in Oxford, southern England, and in Aberdeen, on the north­
east coast of Scotland, over a period of one year during 1996-97. Fifteen. buildings were swveyed, nine in 
Oxfordshire and six in Aberdeen, 10 buildings natural ventilated and five air-conditioned. The study involved 
909 subjects, 219 taking part in both longitudinal as well as transverse surveys, about two thirds of them in 
naturally ventilated (NV) buildings. Basic infonnation about the NV buildings and number of subjects in them 
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�ho w�e involveq).I\;tkie survey js given in
_ Table l_. Th� .b�d.ings __ were �-Wix _of heaV);')"'.e!ght (ffW) and hghtwe1ght (L W), oJ�. and. newly.constructed, m the pnvatejector �d 11?. the .�u�lic?�ector. .., 

· · 
. ,. ' , ;,• 

. ·_ " .' TABL�· l.. Natur8Ily ventilated build.in�:s s�eyed �ith �etails'°�f the subjec�, t�� p�. 

Building Location HW/LW Total Longitudinal Transverse Longitudinal 
code (NV onlx) subjects subjects resE!onses resE!onses 

1 Oxford HW 66 13 514 4,181 
2 Oxford HW 33 5 196 735 
4 Oxford HW 53 10 402 1,971 
6 Oxford LW 17 5 143 505 
7 Oxford ��-· 3:4 9: 1 242 1,263 . .  ·� 
8 Oxford 22 . "I' �:� ;. �·· 188 1,626 �c 

'9 ,_ 

� (" ' 9 Oxford HW (� ., ... ,,,._r-l.· .. :- �-6� 5,540 ': . -'-."-\�..,. ; .. r.--:-
. . 11 Aberdeen '183 ·1r - S 89·t .. .4,150 ' 

13 Aberdeen LW �5 "'� ' ;���; . �,.· 4,255 .. �} 
.i4. 9}>\!-. 14 Aberdeen 7� �� 12 11· -1�672 

-1.i:1 
... _ -- \·. r- : 

Totals 557: 146 3;7&,·t: ' .. �i898 • l(· 
::: . .�i\ ·�·!-> ··!.� ';; .,, t '1' .. 

Longitudinal Survey. .., , . 
The longitudinal survey obtained information from the subjects every day allowing assessment of changes in 
the building's environn;ient an.d occupants' response to these changes. Each subject was asked to fill a 
questionnaire three to four times a day recorcfuig'his thermal seliSati.on and preference, clothing, activity and 
use of controls. The positions of the subjects relative to doors and windows were also noted. The therm.al 
environment close to each subject was monitored, reeordiilg the temJ)erature, at an interval of 15 minutes. 

. . 
Transver.s�,Surl(ey. . . i. ,, 

The transverse survey enables assessment of occupants' response to particular environmental conditions in the 
building with the participation of a larger population. The swvey is usually completed in one day. The subjects 
in each building were visited once a month and a questionnaire was filled for each available subject. The 
questionµaire, carried more details Jhan the 9µ� l!S� in longitudinal survey. The additional questions were 
related tg th,eir perception 'aoout rur movement, humidify, light �'a: rioise level. The questionnaires.were 
administered at the respondent� ) desk with similltaneous recording of the etlVlronmental variables. During the 
interview the questions were presented to subjects on flashcards and the reSponses recorded by the researcher. 

_, 

Climatic Da(a; · . , . -- .. ... ...... . -
·-• .,• ... ··' . 

•1·-···· 

. . � � ' . ' ' 
. . -=�· .. • . 

The 9utdoo,i:: yveather data fo,r Oxford for the period of survey was obtaiiied from the Radcliffe Meteorological 
S a�l1 of-�ord-U��ersitr�and from ·a local meteorologic�;0bservatozy .in Aberd�. The·"O�!d� �ata w� 
recg_rded ev.� 15 min,utes, �e,Aber;d_een data on an how-ly basis. At some buildings outdoor temp·era�e .. was 
also recorded locally. ·Howe\.ier for' the analysis, tlie outdoor· temp·eratures"- tecorded at;;·J:be fyieteorological 
Stations were used. 

INDOOR THERMAL CONDITIONS AND OUTDOOR TEMPERATURE 

•• t1 r.J\ Ir H t '' ''! l!,. ''.;.flt • �1. • ' ;. '111 :- • -Tb� iµ.tJ eµce of�� �u!qqor tlitjla, t� o�·iifdoor thermal ·erlvrrobiiient is. shown ill' T.able·Q•and:figure.�l.,J,'h�e 
are C,(?Dsiiucted risi!ifilie' at��fo(t.iiy �er:-pio�ths.'J'Une !Uly' .. antll<AugtJst W,\lenrthe>huilfilngs·Nvillrbe. fr.�­
running.1 In Britfiln tlitbeaiilii seasbn· c·an 'ei&�nd 6ver seveff:.Jnanths'1or:the·.year,; from-about .c;:>ct.Qber:;tl:Qtil 
April. There may be with periods of heating in May and September and occasional breaksrinmeating·.inJ�4arqJl 
�4:·�cp�_ell!PCf'.}8.r�st pa��f �Y: Bf,�:CPD:���.with,pi� u_�e ?f controls which do �ot involve the use of energy, 
when pie pnilcfuig 1s free-:-tunrling: · ·_- ·"1' 1 l " ·.• • n:r· · : .,.,L;;''l 1!11.•.n . . J11 rll . ]��: ii!: 1 ;:�. ;l,s -: l . ' : · T. ·' '" .... 1 fj'J /:),l .... , .. ·�··, 1; ' ,. ._.,., . . 1· ··; I .••.• , • 

':• I� { � ;; � • .• ., '.? !··.. ' ... . . • 

,. � > i • \ •1 OH ... ' • . -

•• ,, . _... • • • � • • •• • •  : ,:Jt J''1' . . .. ... i::.1.HGL� . .1. ! .,.Ot:'il\lf!�, 
t«e s�nsbc� .ni:tl\�'ta�!�*feaic'u'iat&r" iro'nf's·iiilµitaii'OOUs iiidoor- lihd 011tdo@r1temperatur.es;fu� tiln�·@!: whipb 
co�9i��t�. Yf§i� f.�j;�;7'.1�t>lfhit�r��rs. �b��'.1J'ilit illdoC$� ·_ati'd �u�d�ol'ltem�eratures,�� �ell .. �Jre)�t¢, 
The vaii.tes of the regression slopes 'sli.ggest1that the· occupants'-are c'Ontrolhng 'tire irldoor.·condiuop,s, so; tb,at. $s: 
change in indoor temperature is about one third1or·th�(6\itdoors/Th'.e useof•controls:as.an •impol1$.t f.a�tor.in 
explaining how thennal comfort indoors might be related to outdoor climate. Though the rate of change of 
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indoor tehiP'exature·'Wi.th outdoor.'temperatute is coHsistent between buildings, there is a netieeAble difference in 
the mean indoor temperatures:''rfi"'Oxforff" thif ligh�eight buildings 7 and ir have th�Gfu� mean indoor 
temperatures 

T 
bu�

. 
building 6 where. the ._controls were fully used is an exception. lnd<:JO! temperatures in 

Aberdeen are·not comparable because the· mean outdoor temperarure at 15.8°C is 4.5K cooler than Oxford. 

·-

LW: Tg = 0.34To + 18.0 

• 

HW: Tg = 0.32To + l 7.3 
• 

• 
• 

• • • • 
•• • 

Tg=To 

..r·· i I 15-1-����---����---1-����---l�����"'l-����--1 t'l•_. 
10 1,5 ' 29_ t 25 30 35 

Ir 

· :-Outdoor air temperi1g�e.Tp •' 

• HW 

c LW 

Linear(LW) 

- Linear (HW) 

FIGURE I. Showing the variation of indoor temperature with outdoor temperature for the summer months. 
The regression lines show that heavyweight (HW) buildings are generally cooler than ligl'itweight {LW) 
buildings. r•. 
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,, 
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;� J • , 1 • !. ! 
, .� 

11-· •lir •"{J L , . ,_•/ .! l.l : .Hi ( '",Jl • .J�. '· t" Ji �ti1 l'l""JU. I h" t .;, � , • 
TABLE.a.: Correlation' .r' and regres,s�pn.slope 'b�bet;wee»,1iiistantaneoµs indoor temperature 'fi8 land c6ricurrent 

.outdoor temperature T0 in naturally ventilated buildillgs jn' siimmer. 
·
Reslilts froiii the·fongitudmal and the;.·. -

. '" � . •I • • I ;.:,,'.:)"'•'', ,..I - r , ,; ' ·, : · <-•r-tff!IlSverse surveys are shown sep.prately .. ·· 

Buildin2 
Long Correlation (r) 

i<)'.C Reg. Slope,(b) 
.. ;1 t MeanT. - , 
'fi'an$cJ•; '€9rrelation (r) 

·- !J· • , ., Reg. Slope (b) . 

USE OF CONTROLS. 

1 2 4 6 
0.63 0.65 0.62 0.59 
0.37' ";,Qif9,; ::0.30.,.,.H0.41 •. 

24.8 .. 2.4.3 23.8, 23.7 
0.66 ) 0.16 _p.79, 0.90 

• 0.45. Q;13·,1, p.61 I 0.84. 

"'1'i •-J<v r • ••• ftt' 

7 8 9 11 13 14 
0.57 0.65 0.59 0.29 0:6i 0.41 
0.30 .. q�35 0.29 0.16 0.41 0.24 
25.3 25.3 I. 23:0 I • 'Z3.7 I ·23 . .f ; 23.5 .. 

I 
A:: -sep�ate-�dy. . [Nic.?.l 1and Raja·119.98J. pas .. B?-WP.,th.at:� N;1{ qaj}�gs �·��.er:�f P,�op9�rtio_� ?f geop�� �ec6�ding . �comfortnis_ 1&trongly .@�elat�·i '"'.lt,li �ei i;i�.��P" �f..:P.�J?}.e :�'fi?. .�u�� �-�: • f��;. o'r'!-���� �d 
patticularl}t; �r . ::= •O 80) r.ifi the<:tw01!1P"e: �ml .,togeth.ex:. 1'.his 1mnJ1es �atnth� COJlt;t'.01� are ·filled . m·· t<;SPQ�e tb 

• 
- • • 

. , . T;.J .... ... ;., .... ,;J'1Lv-t. / 1 dlf...tJfl L'1'1f" ... � r- -· L J tti1�'mfottable·.'C0ndibon:s·. : ... 
.-1.<.11�1;.,, 11tit'" J<'!.. , . .1 1 . ,,, . • . • , ,. T ... � , . . 1 • · •• . . . .:: .. ,.. • • 

� . .'":';J}',) :.»".,''i )tji , f;· ·11-·r · , ,.  ,f-- � , .;  ,i- - - . �, - , • ., .. i • •  ;. '.'· . ' · :-' -·�·l ,_,J,, _t-._.�_.,•tl CJtH /�}.i--·;::!:1:-.;·r·:;,,· .. !'-r• 

· · • 

· · -
. 

·· · · ·  � f• ·.- . . ; ·. ·"' ··
.
!ll . _,  • . , · .. 1r .�;�1t'•H' ; :;f;i' J Jr' :), :l: . .:. 1":.J-Cr-.tt1·t·1,tl -.. ,, ,.,,, . .. . ·.r• The mdoor climate, the outdoor climate or a llllxture of the two may drive.,dit; ��t .of et>�,fi'�ls 'ill . . ·att.m\l�y 

ventilated buildings [de Dear and Brager 1998, Nicol and Raja 1998]. In nafurilly ventilatecfHttild.iligs ·the 
ustial' contrO}Si <Wililable·to @ecupap.ts.;in S�(l!°1,are 90 �; 19Jl�Qa �\�\.��9�S? bl:iµ,d,�,r�ld)fUJ!ains., .f�� 31t� light�: '<Opening ��d�or� orwind.ows; e(lh�nc�s�npWf�. v�tihuiqp ;w��t�g�� r)hes���lo.�;��?, ����4��? �� may�cool �e bwlding if'.!the out�oo�;"tetJJ,peratm:e �S )O\\(er tljian1 �e.. Jt�Q �OJ · ,f.��-. P�9��t:_fO!C� ,;� tRrecfi�� 
coolm�; BimdSJmd curtams reduce,dir�t solar,he.�tIQg, aqd gl��-:" ;1., , • 

· • 1 ' 

• ,t_ s ,1, ' t 
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Frequency of Use. 

The use of available controls ht various buildings is given in Table '3. The table is CPnStructed with JUmm.er 
data collected fro� natural ventilated buildings during the longitudinal surveys. If any individual has not used 
a control over-tl!e period under consideration (June - Augustf��:·i.s assumed that no control is available. 

TABLE 3: Discomfort and the frequency of the use of available controls ·in NV buildings during peak summer 
months. 

Building Discomfort Doors Windows Fans Fans+ Blinds/ Lights 
{%2 windows Curtains 

l 30 0.59 0.75 0.22 0.97 0.19 :- 0.40 
2 11 0.81 0.17 0.98 0.86 0.43 
4 35 0.70 '0.67 1.37 0.06 � ',.0.55 
6 10 0.67 0.40 0.18 0.58 0.40 .. o.76 
7 51 0.60 0.66 0.61 1.27 0.05 0.69 
8 33 .. 0.75 ., 0.71 0.40 1.ll 0.28 0.83 
9 21 0.76 0.79 0.17 . 0.96 0.07 0;98 -
11 16 0.60 0.71 0.08 0.79 0.19 0.78 
13 23 0.75 0.54 0.23 0.77 0.26 0.85 
14 19 '. 0.76 0.11 0.80 0 .. 91 0.06 0.79 

Air Mo'vement. 

In wann or hot weather, the rate of air movement is one.ofthe best means of improving th·e�al comfort. In 
summer to open o close·a door. or window or to switch a ftlil' on'.·.Or off is a common reaction to·� environment 
that is either too warm or too cool. Natural ventilation can 'piay an"iinportant role in controlling the indoor air 
quality and temperature in summer, preventing overheating by adopting adequate ventilation strategy. 
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Door Open: 
The doors bear poor correlation with indoor and outdoor temperature. This suggest& that an open door has 
little iml'act on thennal sensation and its use is not !fl.UCh influenced by indoor or outdoor temperatures. 
There are factors other than thermal comfort which in�uence the opening and closing of the doors . 

.. 

Window Open:· 
Open windows aid air movement and may kelp to .. cool .the building in summer. Of all available controls, 
windows have the biggest effect on indoor climate. On average 62% of the total responses reportect open 
windows, ranging from as high as 81% in building 2 (Oxford) to as low as 11% in building 14 (Aberdeen), 
Table 3. The open1:window is closely related with thermal Synsa�on, indoor and outdoor temperatures as 
shown in Figure 2. The proportion of windows open iilso insreases as the subjects feels hotter on the tonlfort 
vote from I (= much too cool) to 7 (= much too warm) .The graphs are plotted are for Oxford subjects ciD.ly, 
but similar relationships are found to apply in Aberdeen. Reasons given for closed;windows are "others 
want them shut", "to prevent draught", 'to �eep the noise level low", or 'interferenc� }Vi$ blind". ·· 

' I • • P ... � •. *" • • ! .. lilt ... ,,_ ..... 

In :-an earlier stu9Y.i based on the data frq�:�Qll��.�M\�.$. I� Raja & Nicol�'Gi91?'8"]: .Showed that cross 
ventila�on ((.e; b?th· daor-and mindow open)1fJ.��ec'fiY.�.P.?.�.l!cin� the ind�£>� i���W!�:�::. .. . 

: ;J 

Useo/Fans: '· = �· \· • ..• "" '· !-. - .. --� • �- - -: -. . . . . . .. .,,/ : ,. ,,_., In naturally ventJlated bwlqings, , fans play a s�gnificant role m reducmg the heat stress. Use of fans 
modi.fies the indoor climate by regulating and increasing air'movement. Figure 3 shows that the proportion 
us�g f�s bear p str9ng correlation with indoor and outdoor temperatures anq-:tJl�ml� s,ensation�•The 
correfalio1fcp'eillcient� are.:comparable to that f&\WihdoY-f:�Pen . However, its US($ i§ �t;l�yely low (3'8% on 
the av.erage,:mo.stly Q.elo� lQ�),-as shown in Tabfo:1; 1'.k�ip!te the 1ncrease in 'faQ qsag��-with the increase 
in.. three parameters, the small proportion ef poopl'eusirig fans suggest� either that•fans-are· nut available or 
tha tq�.pfi;ler mean.s, 9.���tilation are su�cient . to achieve indoor thennal comfort. 

!, '. , ! � , 
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Figure 2: 'P'e proportion of windows open related to indoor temperature, outdoor temperature and comfort vote. 
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Heat Gains. 

Heat gains may be mternal or external. Internal heat gain is due to the use of energy consuming equipment and 
occupancy. Artificial light is a significant source that can be avoided when the day-lighting is enough. External 
gain is mainly the solar. The controls used to limit the direct solar radiation are blinds or curtains. 

Use of Blinds or Curtains: 
One function of blinds and curtains is to intercept the direct solar radiation entering the b\rilding. Tuey are 
used by all subjects where appropriate with "glare reduction on VDUs" and ''reduction of direct sunlight" 
given as reasons. The use of curtain/blinds is usually less than 20%, being drawn in about 24% of responses 
overall (Table 3). The use of blinds/curtains varies from building to building and within a building from 
person to person with seating position [Raja & Nicol 1998]. People near to the window use blinds most 
extensively. The 'blind/curtain usage increases with the increase in indoor and outdoor temperatures and 
thermal sensation, (Figure 4) but the rate of change is small compared to windows and fans probably 
because the reason for using blinds is to avoid glare rather than heat. 

Use of artificial light: 
In UK climatic conditions lights are more extensively used in winter than in summer. Regression analysis of 
light with thennal sensation, indoor and outdoor temperatures resulted in a very low correlation. However, 
on sunny days in swnmet' people tend to switch off the lights. In open plan offices individual users have less 
control over general lights. Therefore despite adequate daylighting the lights have been foWld on in many 
places. Switching on the light in early morning often means that it stays on throughout the day. 

CONCLUSIONS 

Availability of controls and their appropriate use is key to better performance of the building and for improving 
occupant satisfaction. The analysis of the data collected during the present study show that building mass and 
the use of various controls plays a significant role in modifying the indoor thennal conditions. 

Among various controls the opening of windows and drawing of blinds or curtains are the most extensively 
used. The proportion of windows open and blinds/curtains drawn increased with an increase in indoor or 
outdoor instantaneous temperatures. 

The use of fans also showed a similar trend as for windows and blinds. However, the proportion using fans is 
relatively very high in buildings where proportion of open window is less. The incidence of discomfort is 
strongly correlated with the use of windows and fans suggesting that these controls are used in response to 
discomfort, in accordance with adaptive theory. Allowing cross ventilation also helps to lower the indoor 
temperature. 

There are therefore, significant opportunities for adaptation by simply operating local controls: windows, doors 
and blinds/curtains. In buildings where more control is needed, fans can be used to increase air movement. 

Occupants who have greater access to controls (e.g. those close to a window) report less discomfort than those 
who have less access (e.g. away from the window). 
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