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Abstract: The challenges proceeded by intense global energy consumerism such as global temperature 
increase are predicted to be mitigated by good low-energy design. However mixed mode and other low 
energy systems such as natural ventilation and advanced natural ventilation constitute a considerable 
interaction between context, climate, building and the occupant. The tolerance of sensory stimuli are 
influenced by variety of internal processors attributed to feedback between building occupants and 
their environment. This research explores the influence of natural ventilation on evaluation of indoor 
environmental quality (IEQ) in office buildings, in the tropical monsoon context of Sri Lanka. A 
questionnaire survey is used to measure the subjective evaluation of IEQ. Empirical measurements of 
indoor environment conditions are collected during the survey period. The subjective and objective 
performance of naturally ventilated buildings are compared against two air conditioned building types 
(central air conditioning and mini split system air conditioning). 
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1. Introduction 

Colombo is located at 6.93440N and 79.84280E. The Köppen Climate Classification System identifies 
Colombo as a tropical monsoon climate. The major climatic considerations for building in this region are; 
heavy precipitation, high solar radiation, high temperature and humidity. This climate induced by 
monsoon winds is broadly defined by four seasons, categorized according to the amount of 
precipitation; Northeast Monsoon (December- February), first inter monsoon (March and April), 
Southwest monsoon (May-September) and Second inter monsoon (October- November). Colombo 
receives the highest rainfall during two stages, from May to July during the southwest monsoon and 
October to November during the second inter-monsoon. The region reports a high annual rainfall of 
2200mm and, the highest number of rainy days reported is 200 per year. The warmest period of the 
year proceeds the monsoon from March to mid-June. The temperature and humidity is high throughout 
the year with little temporal variability. 
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The heat balance model of thermal comfort, recommends year round cooling and de-humidification 
to achieve comfort in the tropics (Fanger, 1982). Heating ventilation, air conditioning (HVAC) and  
lighting accounts for over 50% of the end use energy in buildings (Pérez-Lombard et al., 2008). Further 
ideal indoor environment conditions available in artificially conditioned buildings with little or no 
variability influence the behaviour and perceptions of building occupants (De Dear and Brager, 1998). 
People in naturally ventilated buildings were identified to be more tolerant of indoor thermal conditions 
as compared to requirements predicted by thermal comfort standards (Nicol and Humphreys, 2002). A 
study conducted by Kim and de Dear identified a difference in expectations and evaluation of specific 
IEQ factors in distinctive ventilation systems (Kim and de Dear, 2012). They attributed these differences 
to varied experiences in differently ventilated buildings. The study further suggest that; Adaptive 
opportunity is a generic attribute of buildings that influences thermal comfort and other indoor 
environmental quality factors. 

The physical work environment effect performance and satisfaction of building occupants 
(Sundstrom, 1987). The physical environment triggers arousal, stress, distraction, overload and fatigue 
which influence performance and satisfaction, adaptation may modify these impacts (Bluyssen, 2013). 
Adaptation is identified as a response by the occupant(s) of an environment directed towards an 
increase in comfort or ease of functioning. Adaptation may include; metabolic changes, automatic 
physiological responses, changes in perception, habits and actions designed to alter the inhospitable 
environment or its effects. Numerous empirical studies demonstrate the positive influence of operable 
windows (Humphreys, 1992), personal comfort systems (Ackerly et al., 2012), higher perceived control 
(Bordass and Leaman, 1997) for increased productivity and satisfaction of the indoor environment 
condition.  

2. Method 

This research employs a questionnaire survey to identify the influence of natural ventilation on 
subjective evaluation of indoor environmental quality (IEQ). The questionnaire is used to rate the 
perceived performance of four primary IEQ aspects; Thermal comfort, Air quality, Illumination and 
Acoustics in four naturally ventilated office buildings located in Colombo. The perceived performance of 
naturally ventilated buildings are compared against two air conditioned building types typical to 
Colombo (central air conditioning and mini split system air conditioning). Table 1 summarizes the 
descriptions for surveyed buildings. Table 2 summarizes questionnaire items used to evaluate IEQ 
factors.   

Empirical measurements of temperature and humidity were collected using HOBO data logger (U12-
012), for three consecutive days during the warmest period of the year (February to April). Valid 
responses from 523 respondents were analysed using IBM SPSS Statistics software (version: 23.0). All 
selected naturally ventilated buildings utilized operable windows and ceiling fans and/or portable fans 
to regulate the indoor thermal environment. All building were occupied for eight hours on average, and 
the building occupants were engaged in sedentary activity of 1.0 to 1.3 met and the clothing insulation 
ranged from 0.47 to 0.51 Clo.    
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Table 1: Descriptions for surveyed buildings. 
Abbreviation Ventilation system type Number of buildings 

in group 
Number of 
subjective responses 

NV-1 Naturally ventilated with operable windows and 
fans 

1 63 

NV-2 Naturally ventilated with operable windows and 
fans 

1 65 

NV-3 Naturally ventilated with operable windows and 
fans 

1 57 

NV-4 Naturally ventilated with operable windows and 
fans 

1 48 

AC-1 Centrally air conditioned  3 178 
AC- 2 Ductless mini split air conditioning 3 145 

Table 2: Questionnaire structure. 
Index Question Abbreviation Scale point 

1 7 

wellbeing Rating for Overall comfort in the indoor work area 
of the building, considering all indoor environment 
factors 

OC Unsatisfactory Satisfactory 

Does the building effect occupants health 
(perceived health impact) 

PHI Less Healthy More 
Healthy 

     
IEQ Comfort of temperature in the work area of the 

building 
TC Uncomfortable Comfortable 

Sensation of temperature in the work area of the 
building 

TSV Too hot Too cold 

Draft in the work area of the building DRAFT Still Draughty 
Air Freshness in the work area of the building AF Fresh  Stuffy 
Satisfaction with overall lighting OL Unsatisfactory Satisfactory 
Amount of natural light NL Too little Too much 
Glare from sun and sky GLARE_S None Too much 
Glare From lights GLARE_L None Too much 
Satisfaction with Noise in the work place NOISE Very 

dissatisfied 
Very 
satisfied 

3. Results  

Table 3 compares the mean scores and standard deviations for wellbeing and satisfaction with IEQ 
aspects across the NV, AC-1, and AC-2 groups. For the six factors measured using a unipolar scale (OC, 
PHI, TC, AF, OL and NOISE) building NV-1 reports the most satisfactory score for four factors (PHI, AF, OL, 
NOISE) whereas building NV-3 reported the lowest satisfaction rating for five factors (OC, PHI, TC, OL 
and NOISE). AC- 2 group also reports high satisfaction rating for factors PHI, OL, NOISE.  

When compared with the mean score for TSV for AC- 1 and AC-2 groups, all NV buildings reports a 
warmer thermal sensation (M: 3.58, 3.51,3.55, 3.17). Occupants in NV buildings report the most 
satisfaction for air freshness when compared with AC-1 and AC-2 groups (M= 3.28, 4.05, and 3.47). The 
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highest satisfaction for NL and GLARE_S is reported for buildings NV-1 and NV-2 (NV-1 M= 4.38, 3.84, 
NV-2 M= 4.26, 3.86). The lowest satisfaction for NOISE is reported in building NV-3.  

Table 3: Mean scores and standard deviations for perception of indoor environment quality. 

Question Mean  St. Deviation 

NV-1 NV-2 NV-3 NV-4 AC-1 AC-2  NV-1 NV-2 NV-3 NV-4 AC-1 AC-2 
OC 4.87 4.25 3.53 4.42 4.85 5.12  1.453 1.447 1.769 1.546 1.30 1.33 
PHI 4.95 4.49 4.19 4.57 4.27 4.81  1.486 1.562 1.747 1.774 1.37 1.42 
TC 4.14 4.41 3.90 4.13 4.60 4.85  1.504 1.200 1.640 1.776 1.53 1.60 
TSV 3.58 3.51 3.55 3.17 4.50 4.73  1.016 1.043 1.205 1.356 1.255 1.21 
DRAFT 3.36 3.30 3.62 2.47 2.78 2.51  1.010 1.539 1.540 1.391 1.57 1.42 
AF 3.28 4.05 3.47 4.26 4.21 3.74  1.081 1.340 1.626 1.831 1.53 1.72 
OL 5.47 5.06 5.07 5.33 5.31 5.46  1.345 1.659 1.831 1.647 1.57 1.61 
NL 4.38 4.26 5.46 2.89 3.24 3.51  1.237 1.460 1.406 1.832 1.53 1.63 
GLARE_S 3.84 3.86 4.76 3.10 3.13 3.11  1.394 1.713 1.990 1.973 1.65 1.71 
GLARE_L 3.67 3.32 2.24 4.59 3.82 3.59  1.630 1.702 1.601 1.663 1.80 1.58 
NOISE 5.43 4.21 2.93 - 4.63 5.23  1.636 1.514 2.070 - 1.95 1.46 

Table 4 is a correlation matrix between OC, PHI and nine IEQ aspects in NV buildings. The two 
variables OC and PHI were strongly correlated for all NV buildings (r= .768, .477, .749, .766). Occupants 
who were satisfied with the overall IEQ of the building also perceived the building to have a positive 
impact on their health. In all NV buildings, the indoor environment quality aspects which had an overall 
strong to moderate positive correlation with OC and PHI were; TC, OL and NOISE. AF had a strong to 
moderate negative correlation to OC and PHI.  

Table 4: Correlation Matrix for perception of indoor environment quality. 

  PHI TC TSV DRAFT AF OL NL GLARE_S GLARE_L NOISE 

NV-
1 

OC .768** .493** .551** -.069 -
.494** 

.414** .080 .030 .030 .383** 

PHI - .479** .479** -.013 -.327* .379** .019 -.011 .065 .303* 
NV-
2 

OC .477** .228 -.054 .116 .077 .370** .490** .133 -.059 .369** 
PHI - .265 -.039 .232 -.169 .163 .022 -.226 -.194 .202 

NV-
3 

OC .749** .454** .303* .317* -
.438** 

.417** -.065 -.052 .036 .560** 

PHI - .472** .257 .271 -
.403** 

.350** -.079 -.203 -.021 .540** 

NV-
4 

OC .766** .447** -.050 -.129 -
.692** 

-
.507** 

-.193 -.205 -.247 . 

PHI - .500** .058 -.088 -
.796** 

-
.643** 

-.053 .032 .010 . 

4. Discussion  

The indoor environment temperature and humidity in the naturally ventilated buildings were plotted 
onto the psychometric chart generated using Climate Consultant 5.5 developed by U.S. Department of 
Energy (Figure 1). The Chart also features the annual outdoor weather data from station located at 
6.820N and 79.880S, summer comfort zone recommended by ASHRAE 55 (Standard, 2013) and adaptive 
comfort zone recommended by ASHRAE 55 (Standard, 2004). Almost all humidity and temperature 
conditions for the surveyed naturally ventilated buildings are located outside the ASHRAE summer 
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comfort zone (Standard, 2013) but are within the ASHRAE adaptive comfort zone (Standard, 2004). 
Elevated Air speeds greater than 0.2m/s can be used to increase the upper temperature limit of the 
comfort zone in certain circumstances.  

TSV in all surveyed NV buildings are lower (warmer thermal sensation) than the two air conditioned 
building groups. Building NV-1, which reports the highest TSV (closer to neutral) among the NV buildings 
also reports the second highest mean score for OC (M= 4.87, SD= 1.45) and highest mean score for PHI 
(M= 4.95, SD=1.48). However a strong and positive correlation is observed between OC and TC r(63) = 
.493, p=.0005 and TSV r(63) = .551 p=.0005. Nicol and Humphreys (Nicol and Humphreys, 2002) 
identified that increased opportunity to adapt to indoor environment conditions by means of 
behavioural adaptation or environmental options may result in increased discomfort alleviations. As 
presented in Table 5 occupants in building NV-1 exercised the highest control of operable windows 
(84.4%) in the naturally ventilated building group. NV-1 also utilized environmental controls such as; 
curtains (76.6%) and ceiling fans (70.3%). Further favourable design strategies which may be associated 
with increased air movement in NV-1 include; narrow floor plans (Average depth= 4.8m), fixed timber 
lattice which allowed day/ night ventilation and shading by roof eves or cantilevered floors (Figure 2). 
The climatic relevance of day/night ventilation for residential buildings in hot humid Singapore was 
demonstrated by Liping and Hein (Liping and Hien, 2007). They identified day/ night ventilation to be 
the most successful ventilation strategy to minimize thermal discomfort which also reported the lowest 
dissatisfied hours by building occupants. 

Previous research reveals indoor lighting to have considerable impact on occupant’s mood, health 
and behaviour (Veitch and Gifford, 1996). The continuous spectral distribution of daylight has been 
shown to have a positive influence on perception of health outcomes related to buildings (Bluyssen, 
2013). Among the surveyed buildings, OL was moderately correlated with OC. Further NL doesn’t have a 
significant correlation to OC in all naturally ventilated buildings. In building NV-1 and NV-2 occupants 
report close to neutral ratings for NL as well as higher satisfaction rating for GLARE_S. In building NV-3 
occupants reported too much NL as well as unsatisfactory GLARE_S (M= 4.76, 5.46). Building NV-1 and 
NV-2 had well shaded fenestrations while building NV-3 did not have any external shading (Figure 2). 
Discomfort by disability glare is one critical factor which needs to be considered when designing for 
natural lighting in buildings. Daylight glare has been identified to be more acceptable for those working 
on horizontal reading than those working on computer tasks (Velds, 2000). While room orientation has 
been identified to have an insignificant impact on glare sensation (Hopkinson, 1971), discomfort glare 
has been reported to decrease proportional to distance from the façade (Velds, 2000). 

Table 5: Percentage of utilized control for each building category. 

No. Layout  Utilized control % Ventilation 
type 

Width of plan (m) 

Curtains/ 
blinds 

Portable 
fan 

Operable 
window 

Ceiling fan Min Max 

NV-1 Open plan 76.6 34.4 84.4 70.3 Cross 3.6 6.0 

NV-2 Open plan 63.2 52.9 73.5 77.9 Cross 4.8 7.2 

NV-3 Open plan 14.8 53.2 61.3 8.1 Cross 8.6 9.0 

NV-4 Open plan 45.3 29.6 15.1 79.6 Cross 5.8 13.4 
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Figure 1: Psychometric chart with comfort zones, indoor and outdoor conditions. 

 

Figure 2: Fenestration; L-R; NV-1, NV-2, and NV-3. 
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Noise control is one of the main considerations for naturally ventilated buildings. Noise is unwanted 
sound perceived by the listener as being unpleasant, bothersome, distracting and psychologically 
harmful (Bluyssen, 2013). Noise originating in the workplace results from the outside road traffic, office 
equipment, installations, HVAC systems and human speech. Noise from human speech has been 
recognized to be problematic especially in open plan offices (Navai and Veitch, 2003). All surveyed 
buildings utilized open plan layout, while the surveyed buildings had varied densities and working 
conditions. Building NV-3 reports the lowest satisfaction rating for NOISE (M= 2.93 SD= 2.07). The low 
satisfaction rating for noise was attributed to heavy traffic noise generated from the adjacent road. The 
results indicate the critical need to mitigate admittance of outdoor noise through well informed design 
decisions, especially in naturally ventilated buildings. The success of noise control in NV buildings is 
demonstrated by the high satisfaction rating received for building NV-1. In building NV-1 the window 
openings were located perpendicular to the main road. In building NV-3 NOISE was strongly negatively 
correlated with OC r(57) = .560 p=.0005 and PHI r(57)= .540 p=.0005 whereas when occupants in other 
NV building reported satisfaction for NOISE, NOISE did not have a significant impact on the evaluation of 
OC and PHI.   

5. Concluding remarks 

The interaction between context, building and the occupants influences the subjective elevation of 
indoor environmental conditions. Although cooling and de-humidification is recommended for buildings 
in the tropics, the high satisfaction scores reported in building NV-1 when compared with AC-1 and AC-2 
groups, indicates the potential to utilize passive and low energy ventilation systems in this region. 
Opportunity to adapt to indoor environment conditions is a key criteria for discomfort alleviation and 
acceptance of variable of internal conditions in passive and low energy buildings.  
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