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Abstract 
Understanding occupants’ satisfaction with their environment is an important step to improve            
indoor environmental quality (IEQ). These satisfaction data are limited to Singaporean           
commercial buildings. We surveyed (N = 666) occupant satisfaction with 18 IEQ parameters             
in seven Green Mark certified air-conditioned commercial buildings in Singapore. About 78            
% of the participants expressed satisfaction with their overall workspace environment.           
Occupants were most satisfied with flexibility of dress code (86 % satisfaction), electrical             
lighting (84 %) and cleanliness (82 %), and most dissatisfied with sound privacy (42 %               
dissatisfaction), personal control (32 %) and temperature (30 %). We found that satisfaction             
with cleanliness has the highest impact to overall workspace environment satisfaction. Our            
results suggest achieving high occupant satisfaction for some IEQ factors is harder than             
others, which suggests the premise of singular satisfaction rating (e.g., 80 %) that applies to               
all IEQ parameters may not be reliable and representative. We determined that the major              
contributors to thermal dissatisfaction were insufficient air movement and overcooled          
workspaces. Occupants in open plan office were unhappy with the noise produced by their              
nearby colleagues. We also found that several IEQ variables (odors, air movement, available             
space, overall privacy, sound privacy and temperature) which are not statistically significant            
to the overall workspace satisfaction on their own, but their impacts becomes substantial             
when these IEQ variables are merged into larger environmental factors (i.e., Perceived Air             
Quality, Acoustics, Layout and Thermal). These results can support the development of an             
IEQ benchmarks for commercial buildings in Singapore.  

Keywords: Commercial buildings, Indoor Environmental Quality (IEQ), Occupants’        
satisfaction, Post-occupancy evaluation, Web-based survey  
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1. Introduction 

Sustainable buildings should aim to achieve substantial energy savings and reduce           
greenhouse gases emission, while also providing good Indoor Environmental Quality (IEQ)           
that satisfies building occupants. IEQ affects occupants’ health, comfort, well-being and           
productivity [1,2]. Conducting a post-occupancy evaluation (POE), with a widely adopted           
and reliable survey tool, could provide valuable information in understanding occupant           
satisfaction with the built environment, and identify areas in need of improvement. 
The Centre for the Built Environment (CBE) at the University of California, Berkeley, has              
been developing and maintaining an effective and reliable occupant survey tool to gather             
occupant’s satisfaction surveys for more than 20 years [3,4]. The latest version of the IEQ               
survey tool has been implemented in over 900 buildings, with over 90,000 individual             
occupant responses. The survey aims to collect occupant perceptions of and satisfaction with             
a space’s IEQ as well as characteristics of the target building.  

The CBE IEQ Occupant Survey database facilitates studies examining occupant satisfaction           
with the built environment across a large, diverse sample. For instance, responses within the              
CBE database have been used to compare occupant’s satisfaction in LEED versus non-LEED             
certified buildings [5–7]; relationships between individual IEQ factors and overall workspace           
satisfaction [8,9]; comparison of acoustics and temperature satisfaction between radiant and           
all-air buildings [10]; and exploration of occupant satisfaction and self-estimated          
performance in relation to IEQ parameters in buildings [11]. Despite the large sample size              
and building type variety available in the CBE database, the buildings sampled are mainly              
located in the US.  
About 43 % of the world’s population is now housed in the tropics, and this figure will likely                  
increase to >50 % by the year 2050 [12]. An increasing trend in the investment of research                 
and development and scientific publication is observed in the tropics [12]. It is expected              
occupant satisfaction with the indoor built environment could be different in tropical climate             
countries due to different building design and construction practices, and occupant           
preferences, expectations, and cultural norms. For example, satisfaction with regards to the            
thermal environment could differ due to environmental adaptation [13,14]. 
Singapore is located at 1.3° N, 103.8° E and belongs to the tropical rainforest climate “Af”                
based on the Köppen Climate Classification [15]. Throughout the year, the climate in             
Singapore is warm and humid, with a daily mean outdoor air temperature of 26 – 29 °C and a                   
daily mean relative humidity of 75 – 85 % [16]. In Singapore, a requirement for the Green                 
Mark certification involves obtaining occupants’ satisfaction with a building’s environment          
via post-occupancy evaluation assessment. Green Mark is a rating system designed to            
evaluate a building's performance and environmental impact [17]. Green Mark recommends           
that a building achieves an occupant satisfaction level of at least 80 %. This 80% level is a                  
macro indicator, and generally represents a substantial majority of people’s decisions, similar            
to ASHRAE 62.1, ASHRAE 55 and ISO 7730 [18,19]- yet it is a precept, instead of a hard                  
mathematical law. This target may be easy to achieve for some environmental parameters,             
but could be harder for others. One study examining IEQ satisfaction from 367 occupants in               
14 buildings in Singapore showed that satisfaction with window view, personal control,            
temperature, air movement, daylight, visual comfort, visual privacy, air quality, noise level            
and sound privacy failed to achieve the 80 % level, even in Green Mark certified buildings                
[14]. In fact, occupants’ perceived comfort and satisfaction with indoor environmental           
parameters could differ due to contextual and behavioural factors [20], and singular            
satisfaction ratings applying to all IEQ parameters may not be adequate.  
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Another important issue is to understand which parameters, or cluster of parameters,            
contribute the most to overall environmental satisfaction. Using the CBE database, Frontczak            
et al. found the most important parameters for workspaces satisfaction were satisfaction with             
amount of space, followed by noise level and visual privacy [8]. Working with the same               
database using a multiple regression approach, Kim and de Dear also found that amount of               
space, noise level and visual privacy affected overall satisfaction the most [9]. In the              
Cost-effective Open-Plan Environments (COPE) project in Canada, Veitch et al. found that            
satisfaction with workspaces’ environment features can be reduced to three major factors,            
including “privacy/acoustics”, “lighting” and “ventilation/temperature”, and the satisfactions        
with these three factors and the overall environment were positively associated [21]. The             
Workplace Wellness Study surveyed 1601 employees in North America, suggested air quality            
(58 %) was the most highly-rated wellness factor in office, followed by comfortable lighting              
(50 %) and comfortable temperature (34 %) [22]. In Singapore, there could be different              
associations between IEQ parameters and overall environment satisfaction due to different           
contextual and behavioural characteristics found in the tropics. Through pinpointing which           
parameters comprise overall satisfaction, this information could help guide policymakers’          
decisions on which factors to focus guidelines towards design and operation practices.            
Understanding how overall satisfaction is achieved also helps building owners, operators, and            
employers to prioritize how to make decisions to maximize tenant satisfaction in the             
workspace when resources are limited. 
In this study, we surveyed occupant satisfaction in seven commercial buildings in Singapore             
using a survey adapted from the CBE IEQ Occupant Survey. The objectives are (i) to study                
occupants’ satisfaction level with different IEQ factors and verify which IEQ factors can             
achieve an 80% target occupant satisfaction; (ii) to understand the reason(s) that caused             
environmental dissatisfaction; and (iii) to identify which IEQ factors have higher impacts on             
occupant satisfaction with the overall workspace in Singapore’s commercial buildings.  

2. Methodology 
2.1. Survey tool design 
We modified the original CBE IEQ Occupant Survey [8] to be appropriate for building              
characteristics and operation in Singapore. The changes have been informed and           
acknowledged by CBE. In particular, we added questions on satisfaction with humidity and             
air movement because of the hot and humid climate characteristics in Singapore. Meanwhile,             
we removed satisfaction with general maintenance and ease of interaction from the original             
CBE survey, because our survey scope is within workspace, instead of the whole building              
(for maintenance), and we focused on the impact of environmental parameters to people,             
instead of workspace culture (for ease of interaction). We combined similar parameters in the              
CBE tool to reduce the number of questions in the survey. For example, we merged               
measurement of the comfort of furnishing and furniture adjustability in the original CBE             
survey with the satisfaction with furnishing. Similarly cleaning services and general           
cleanliness were combined with satisfaction with cleanliness. In contrast, some parameters in            
the original CBE survey tool were broken into more precise variables. For example, visual              
comfort was broken into satisfaction with daylight, view from window and glare; and             
similarly, air quality satisfaction was divided into satisfaction with odors and stuffiness. 

Each satisfaction question is structured on a 7-point Likert scale and starts with: “How              
satisfied are you with the …” followed by the environmental factors in question. As shown in                
Figure 1, the scale is ranged from “very satisfied” (+3) to “very dissatisfied” (-3) with a                
midpoint of “neither satisfied nor dissatisfied” (0). The survey assesses 18 parameters:            
temperature, humidity, air movement, flexibility of dress code, electrical lighting, natural           
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lighting, glare, views from windows, stuffiness, odours, noise level, sound privacy,           
cleanliness, available space, furnishings, level of personal control, overall privacy and overall            
environment. In this study, the dissatisfaction rate (D) and satisfaction rate (S) are estimated              
by Equations (1) and (2). The average satisfaction score in each IEQ category is calculated as                
the arithmetic mean of the responses.  
 

issatisfaction rate, D ( %)D  =  T otal sample count
V ery dissatisf ied count+Dissatisf ied count+Somewhat dissatisf ied count (1) 

atisfaction rate, S ( %)S  =  T otal sample count
V ery satisf ied count+Satisf ied count+Somewhat Satisf ied count         (2) 

 
Further, if a “dissatisfied” response was recorded by the occupant, follow-up questions were             
asked to identify the source of dissatisfaction. The possible sources of dissatisfaction are             
categorized into four core environmental aspects in accordance with the original CBE survey             
tool classification, namely, thermal environment, air quality, lighting and sound. Within the            
same category, occupants can select more than one source of or reason for dissatisfaction. For               
example, within the thermal environment category, an occupant can be dissatisfied with the             
space being too hot and the air movement being too weak in workspace. In addition, an                
“others” option is provided for each category so that occupants can list any other source of                
dissatisfaction not included in the response set. The questionnaire also collects background            
information from respondents including sex, age group, hours worked, workspace types, and            
proximity of workstation to windows and external walls.  

2.2. Sampling scope  
Seven Green Mark certified, air-conditioned office buildings in Singapore were surveyed           
resulting in 666 individual responses. Each participating building had a survey response rate             
of at least 10 % of the total building occupancy, which is the minimum criteria requested by                 
Green Mark for POE assessment. Our survey scope only included staff who were performing              
office work and had personal workstations, and excluded any non-office spaces within the             
same building to maintain consistency. During the survey period, the building facility            
management team received a survey link from us, and further distributed it to all building               
occupants (within the office premise under investigate) in the building. The surveyed            
database is open-sourced and available online [23].  

2.3. Statistical analysis 
This project utilises an electronic cross sectional survey and is designed to obtain both              
quantitative and qualitative data. Quantitative data includes all satisfaction responses with the            
IEQ factors using a 7-point satisfaction scale, while qualitative data includes the reason(s)             
that caused dissatisfaction in the workspaces. Statistical analyses in this study mainly focused             
on occupants’ satisfaction responses to address the question: What are the IEQ factors that              
have highest impact on the overall workspace environment satisfaction? 
Applying a mixed effect linear regression model, we identified which of the 17 IEQ              
parameters (fixed effect) significantly contributed to the overall workspace satisfaction          
(dependent variable). Equation (3) shows a general format of the linear regression model,             
where y represents the dependent variable, xi is the independent variable (i.e., 17 IEQ              
parameters), α is the y-intercept, and βi is the slope or trained parameters.  

α β x x β xy =  +  1 1 + β2 2 + … +  i i         (3) 

Since multiple occupants were surveyed within the same buildings, the variability in the             
survey outcome can be influenced either within or between buildings. Occupant’s satisfaction            
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responses may be biased, as outcomes within the same surveyed building could be             
inter-related. The advantage in using a mixed effects analysis is that the overall workspace              
satisfaction within- and between- buildings (random effect) variability could be estimated           
[24].  
Model prediction accuracy was determined by the coefficient of determination R2, mean            
absolute error (MAE), residual standard error (RSE) and model error rate. R2 shows the              
proportion of variance explained by prediction. MAE measures the average magnitude           
between the observed and predicted indices. RSE expresses the variability in the dependent             
variable unexplained by the model, which means a smaller RSE shows better model fitting. In               
our context, we assume that an absolute error (difference between observed and predicted             
value) larger than 0.5 unit can be considered a false prediction (e.g., predicting “satisfied”              
when in reality the response is “somewhat satisfied”), Equation (4) shows the formula for the               
model error rate. 

odel error rate ×100M ( %) =  number of  total observations,   n
number of  false prediction (error > 0.5)         (4) 

Among the 17 IEQ surveyed satisfaction parameters (excluding the overall workspace           
satisfaction), some could be less significant contributors to the overall workspace satisfaction.            
Meanwhile, some of these IEQ parameters may be correlated in nature and thus can be               
combined and represented by a new factor. For instance, two techniques were used to reduce               
variables for overall workspace environmental satisfaction prediction. The first technique,          
Akaike information criterion (AIC), is a search method for feature selection. The AIC score              
penalizes the model if it is over complex to ensure the predictors are optimized (i.e. dropping                
insignificant variable) with higher goodness-of-fit. A model with a lower AIC score means it              
is the best to fit the data set, but does not over-fit it [25]. The second technique is Principle                   
Component Analysis (PCA). PCA is an unsupervised machine learning method to reduce            
dimension of the observations in components that can explain the largest portion of variance              
[26]. The reduced components were used as new predictors in the mixed effect model to               
estimate occupant satisfaction with overall environment.  

All statistical analyses were performed in R [27]. We use the “lme4” package [28] for the                
mixed effect model, the R based “stepAIC” function for AIC analysis, and the “psych”              
package [29] for PCA.  
3. Results and Discussion 
3.1. Description of the dataset 
Table 1 summarizes respondent and workspaces characteristics. A total of 53 % of             
respondents were male, mainly between 21 and 50 years old, and occupants reported             
spending more than 30 hours per week in their workspace. Most of the occupants were               
located in open plan offices with low (< 1.5 m height) or no partitions. 59% of respondents                 
were located near (within 3 m) an external wall and window.  

Table 1 Respondents and workspaces characteristics 

 
Building and Environment, November 2020  5 https://doi.org/10.1016/j.buildenv.2020.107443 

https://escholarship.org/uc/item/43k2z2zx 

 
 

           Parameters and descriptions Responses rate 

Sex 

Female 273 (41 %) 

Male  354 (53 %) 

n.a.  39 (6 %) 

Age group

21 – 30  176 (26 %) 

31 – 40  220 (33 %) 

41 – 50  140 (21 %) 
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3.2. Occupants’ IEQ satisfaction distribution 
Figure 1 shows the distribution of satisfaction responses for each IEQ factor. Overall,             
respondents were more satisfied with the flexibility of dress code (S = 86 %), artificial light                
(S = 84 %) and cleanliness (S = 82 %) of their workspace. Factors where dissatisfaction rates               
were higher than 20 % were sound privacy (D = 42 %), personal control (D = 32 %), air             
temperature (D = 30 %), level of air movement (D = 27 %), overall privacy (D = 26 %) and           
noise level (D = 21 %). These results raise an important question: Are these surveyed            
environments performing poorly in commercial spaces, or is it common to have large             
variation on satisfaction responses in these IEQ factors within buildings in Singapore?  

To answer this question, we compared the satisfaction distribution patterns in Figure 1 to              
another study conducted by Karmann et al. (2017) which examines 60 commercial buildings             
in the US using the original CBE survey tool. Despite some variations on the selected IEQ                
parameters, the satisfaction distribution trend is comparable between the two studies. For            
instance, dissatisfaction rates for sound privacy (D = 59 %), temperature (D = 32 %) and          
noise level (D = 42 %) were also found to exceed 20 % in the Karmann et al. study. In                 
addition, sound privacy was the category with the highest dissatisfaction in both studies. This              
brief comparison shows that the IEQ satisfaction survey results of commercial buildings in             
Singapore are not worse when compared with US counterparts using the same survey tool. A               
more important and notable outcome in the present results suggests that achieving a high              
occupant satisfaction rate is much harder for some IEQ factors compared to others. For              
example, it is harder to achieve 80 % satisfaction with sound privacy than for electric light.               
This suggests that a strategy of applying a singular satisfaction rating (i.e. 80% satisfaction              
target) to all IEQ satisfaction parameters is ineffective. We recommend that target rates of              
satisfaction should differ for each IEQ factor. Target rates should be based on occupant              
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51 – 60  73 (11 %) 

61 above 17 (3 %) 

unknown  40 (6 %) 

Working hour (hour)

Less than 10 74 (11 %) 

10 – 30  73 (11 %) 

More than 30 481 (72 %) 

unknown 38 (6 %) 

Workspace type 

Cubicle with low or no 
partitions (<1.5 m) 

375 (56 %) 

Cubicle with high partitions 
(>1.5 m) 

84 3 %) 

Enclosed / private office 79 (12 %) 

Others 63 (9 %) 

unknown 65 (10 %) 

Distance from external
wall 

Within 3 m 317 (48 %) 

Further than 3 m 252 (38 %) 

unknown 97 (14 %) 

Distance from external
window 

Within 3 m 390 (59 %) 

Further than 3 m 185 (28 %) 

unknown 91 (14 %) 

https://doi.org/10.1016/j.buildenv.2020.107443
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satisfaction responses from a large database to achieve reliability and representativeness. For            
example, the target rates could be based on the average satisfaction score or some other               
effective rating systems based on the distribution of satisfaction responses. The values            
presented in the current study may not be fully representative of office buildings in Singapore               
due to the building selection process and small database. Nevertheless, our results suggest             
that a more well-rounded definition of satisfaction target rates is needed. A more balanced              
satisfaction target rate that takes into account the typical ways in which these scores are               
distributed, could lead to better guidelines for building practitioners prioritizing resources to            
improve indoor environmental satisfaction in commercial buildings in Singapore. 

 
Figure 1. Distribution of occupant satisfaction responses for all IEQ categories. Calculation of dissatisfaction 

rate (D), satisfaction rate (S) and the average satisfaction score is presented in Equation (1) & (2). The average 
satisfaction score is calculated as the arithmetic mean of the responses. The grey dotted line indicates the 80 % 

satisfaction target.  

Despite lower satisfaction rates found in some IEQ parameters (i.e. sound privacy, personal             
control, temperature, air movement, overall privacy or noise level), building occupants were            
generally satisfied with the overall workspace environment (S = 78 % and D =10%). This               
suggests that some IEQ parameters with higher dissatisfaction responses may have a smaller             
influence on the subject’s overall environmental satisfaction. Detailed analyses and          
discussions are presented in Section 4.  
3.3. Sources of dissatisfaction 
Figure 2 summarizes the sources of occupants’ IEQ dissatisfaction in the workspace. Since             
follow-up questions only pop-up when a dissatisfied response is recorded, and individual            
participants can select multiple reasons for dissatisfaction in each of the four IEQ category,              
the aggregate number of dissatisfaction votes, by category, are different and counted            
separately. In addition, we excluded the “other(s)” responses in our calculation, resulting in a              
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loss of 2 % to 10 % of dissatisfied responses, depending on category. The reasons for                
excluding the “other(s)” option is that these dissatisfaction responses are (i) too diversely             
dispersed (i.e. cannot be grouped into representable categories), or (ii) associated with only             
one particular building (e.g. there is no greenery near building X), which adds little value to                
our analysis. Among the four major IEQ categories, we found highest dissatisfaction with the              
thermal environment (410 votes), followed by sound (316 votes), lighting (250 votes) and air              
quality (188 votes). The surveyed number of reasons for dissatisfaction is presented in             
percentages (%) with respect to the total number of votes (excluding “other(s)” option) in              
each category. Specific dissatisfaction reasons with a percentage > 20 % (i.e. contributing             
more than one-fifth of the dissatisfaction sample) will be highlighted in our discussion and              
recommendation of improvements.  

 
Figure 2 Source of dissatisfaction of different indoor environmental quality (IEQ) categories (the percentage is 

calculated within the same IEQ category) 

We found that occupants were dissatisfied with the workplace thermal environment mainly            
because of weak air movement (29 %), or that their workstation is too cold (24 %) or too hot                   
(19 %), while the rest of other reasons for dissatisfaction accounted for ≤ 10 % of the total                  
sample. Some results appear contradictory. For example, participants indicated a desire for            
more air movement, while also reporting that a space was too cold. However, further analysis               
(see Figure 3) suggests that only 10 % of the respondents reported dissatisfaction with weak               
air movement while also reporting that they felt cold in their workspace. More occupants              
expressed a desire for higher air speed because they were too hot (37 %), or simply desired                 
some amount of air movement despite satisfaction with temperature (46 %). This is not              
contradictory because it is possible occupants prefer more air movement in workspace, not             
only due to thermal dissatisfaction, but possibly because of air quality perceptions. Elevated             
air movement improves perceived air quality [30,31] and can effectively disperse the            
personal CO2 cloud, thus improving perceived air quality by reducing inhalation of CO2 [32].              
5 % of the occupants who expressed dissatisfaction with too little air movement, also              
reported being both too cold and too hot in their workspace. In cases where this occurred,                
occupants summarized specific past experiences in their responses.  
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Figure 3 Percentage of dissatisfied reason(s) with temperature for the occupants who were dissatisfied with too 

weak air movement in workspace 

Existing building design criteria of air velocity in air-conditioned occupied space required in             
Singapore Standard-553 [33] is not to exceed 0.3 m/s. Perhaps providing flexibility on air              
velocity in the Standard could reduce dissatisfaction with insufficient air movement in the             
workspace. Increasing indoor air speed by using either ceiling or desk fans enhances the              
cooling effect perceived by occupants, thus restoring thermal comfort in a warm environment             
[34]. The effectiveness of this elevated air speed cooling strategy has been confirmed in both               
chamber experiments [35,36] as well as real office [37] spaces in Singapore. This strategy              
does not only reduce cooling energy demand, but it simultaneously enhances occupants’            
thermal satisfaction. 
We found overcooling in some of the air-conditioned workspaces. As shown in Figure 2,              
despite 19 % of the respondents indicating that they were too hot, a quarter of the total                 
dissatisfied count is reflective of occupants being too cold. This finding aligns with a former               
study of over cooling in other air-conditioned commercial buildings in Singapore [38].  

Among the four IEQ categories, air quality received the least dissatisfied responses from             
occupants (188 votes). Occupants’ main sources of dissatisfaction was due to smells from             
“carpet or furniture” (23 %), “insufficient ventilation” (22 %) and “other people” (12 %).              
Carpet is known to be one of the major VOC sources in workspaces due to emission from                 
chemicals and supported chemical transformations. Sustainability concerns on proper carpet          
maintenance is encouraged [39]. Meanwhile, increasing ventilation rates in workspaces could           
reduce the intensity of odors, and enhance occupants’ perceived air quality [40].  
In terms of lighting dissatisfaction, the main source of dissatisfaction comes from “glare” (27              
%) and “not enough daylight” (26 %), followed by lack of lighting control (21 %). We found                 
that up to 76 % of the occupants who reported glare in the workspace were seated near (<3                  
m) a window. Surprisingly, among the “not enough daylight” dissatisfaction responses, 43 %             
of the occupants were also located near a window. We suspected that occupants are closing               
blinds to protect themselves from glare. Manual blinds enable users to block out unwanted              
daylight and glare, however, these blinds often remain drawn, even during cloudy or overcast              
days [41]. Such practice limits the daylighting potential, thus increasing the reliance of indoor              
lighting for indoor illumination [41,42]. Incorporation of effective design that includes light            
shelves and shading devices to maximize daylight, while reducing glare, could be a solution              
to minimize lighting dissatisfaction [43]. In addition, providing simple manual control of            
lighting (e.g., a desk lamp) can enhance occupant acceptability of lighting in office space              
[44]. 
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The most reported source of dissatisfaction came from “noise from people” (68 %). This was               
also a major contributor to the of dissatisfaction with sound privacy (D = 42 %) and noise                 
level (D = 21 %) (Figure 1). Expectedly, 90 % of dissatisfaction with “noise from people”                
was reported in open plan offices, and 75 % of these respondents were those housed in                
cubicles with low (<1.5 m) or no partitions. Providing private office to everyone may not be                
possible, however, having high partitions (>1.5 m) could partially reduce noise from people             
and improve sound privacy, but its effectiveness has been challenged as this design may also               
reduce the ease of communication between colleagues [45]. In fact, the dissatisfaction rate of              
“sound privacy” from occupants working in spaces with high partitions (>1.5 m) was still              
high (D = 28 %) in this study. Alternatively, having several easily-available, temporary, quiet              
offices could provide employees with a quiet place for times when deep focus is needed,               
while still affording space for collaborative environments within the whole workspace [46].            
In addition, establishing behaviour protocol for sound privacy in the office, paired with             
acoustical treatment on sound absorbing ceilings and walls (or even sound masking systems),             
could also significantly enhance acoustic comfort in workspace [47].  
4. Overall environment satisfaction contributors 

In this section we analyse which variables contribute the most to overall environmental             
satisfaction. We applied correlation analysis on the 18 IEQ satisfaction responses to elicit the              
relationship between parameters. Next, we conducted principle component analysis (PCA) to           
identify the possible new factors (or components) that emerge between the multiple IEQ             
parameters. Lastly, we analysed the significance of the factors in predicting overall            
environment satisfaction by using multiple linear regression and mixed effect model.  
4.1. Correlation analysis  
Figure 4 presents the correlation analysis of the 18 IEQ satisfaction responses. It visualizes              
only the moderate (0.5-0.8) and strong (>0.8) correlations. Satisfaction with the overall            
environment moderately correlated with 10 of the other parameters including cleanliness,           
stuffiness, furnishings, personal control, odors, noise level, humidity, air movement,          
electrical and natural light. This suggests that multiple factors may influence people’s            
satisfaction with their overall workspace environments. Additionally, we observed that some           
parameters were inter-correlated within a particular cluster. For example, satisfaction with           
stuffiness, odors, air movement, humidity and temperature -- parameters that all contribute to             
perceptions of a space’s air -- were moderately correlated. Similarly, we found moderate             
relationships between satisfaction with natural light, electric light and view from one’s            
window (i.e., parameters of visual perceptions), noise level and sound privacy (which            
influence acoustical perceptions), and furnishings, available space and overall privacy (which           
contribute to workspace layout). In addition, the results showed satisfaction with personal            
control was correlated with air movement, temperature, natural light and sound privacy;            
which suggests that higher levels of control within personal workspace (i.e. operation of fans,              
temperature sensors, window blinds or working in an enclosed private room) could enhance             
satisfaction with other IEQ parameters. The correlation analysis suggests covariates exist           
among the 18 IEQ parameters. Therefore, we conducted a PCA to explore the clustering of               
satisfaction parameters to identify similar underlying measurements before evaluating the          
contributors of overall environmental satisfaction.  
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Figure 4 Correlation matrix of the 18 satisfaction parameters. Only moderate (0.5-0.8) and strong (>0.8) 

correlations are presented. 

4.2. Principle component analysis (PCA) 
We removed 84 incomplete satisfaction responses in the database before conducting the            
PCA. We performed six PCAs ranging from 7 to 12 factors from 17 IEQ satisfaction               
responses (exclude satisfaction with overall environment). These PCAs respectively         
accounted for 78 %, 82 %, 85 %, 87 %, 89 % and 91 % of the total variance. All six cases                      
(from 7 to 12 principle components) are included for further analysis in the next section.               
Among the six PCA structures, the solution with 9 components reveals a higher             
interpretability compared with the other solutions[48]. We breakdown inter-related factors          
when more components are introduced (i.e. 10, 11, or 12), while less interpretable             
components combined with non-related IEQ parameters could be observed when the           
approaches with fewer components are selected (i.e. 7 or 8). For example, in the 8 factor                
solution, there is one component comprised of satisfaction with electric light and cleanliness,             
making this factor uninterpretable. Table 2 demonstrates the PCA structured with 9 factors as              
an example among the six PCA solutions. It shows the factor loadings for the nine               
components (header) with respect to 17 satisfaction responses, and those with loadings            
greater than 0.5 are highlighted. Under the same solution, IEQ satisfaction parameters with             
higher loadings were grouped. The naming of each factor is dependent upon the nature and               
characteristics of the grouped IEQ parameters. For example, we named the first factor             
Perceived Air Quality (PAQ) because the four IEQ parameters with highest loadings            
(stuffiness, odors, air movement and humidity) under this factor are all related to occupant              
perceptions of the air. The same logic is applied for naming the other factors in Table 2. The                  
factors are arranged, from left to right, in decreasing order of proportional variance within the               
PCA.  

The dominating components in Table 2 were “PAQ”, “Layout”, “Acoustics”, “Thermal” and            
“Window”. Each of these factors is comprised of more than one IEQ satisfaction parameter              
and explained >10 % of the variance within the dataset. The remaining components,             
“Lighting”, “Glare”, “Clothing” and “Cleanliness”, were mainly comprised of single IEQ           
parameters and explained less variance in our surveyed dataset. One possible reason for lower              
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variance observed among these factors could be due to the static nature of these parameters as                
they may not change vastly in the building environment. For example, within working hours,              
the schedule for electric lighting in a space is typically fixed and does not change much;                
however, the views from a window, and exposure to natural light, may change depending on               
where you are located in the workspace. Although the assessment of personal control loads              
heavily on the “Thermal” factor, it loads moderately (0.3 – 0.4) on the “Acoustic”, “Window”               
and “Lighting” factors as well. These findings are consistent with the correlation analysis             
reported above. In addition, we found that satisfaction with overall privacy has high loadings              
on both the “Layout” and “Acoustic” components. Similarly, satisfaction with air movement            
has strong loadings on the “PAQ” and “Thermal” environment components. These results            
suggests that it may be logical to presume that satisfaction with certain IEQ aspects (e.g.               
overall privacy and air movement) may contribute to occupants’ perceptions with more than             
one environmental factor. In other words, occupants’ satisfaction with overall privacy, may            
influence the way they perceive the layout and acoustics within space. 

Table 2 Factor loading for 17 IEQ satisfaction parameters from PCA. Parameters are grouped (loadings > 0.5) 
by their contribution to each explainable component. *PAQ stands for perceived air quality. 

4.3. Model prediction  
We established models with different predictor variables to estimate occupant’s satisfaction           
with the overall workspace environment. The intention of the model prediction is to rank the               
input parameters (predictors) as a function on their impacts to the overall workspace             
environment satisfaction (dependent variable). The results could inform building practitioners          
on how to improve the overall workspace environment satisfaction by giving priority to the              
parameters that have the highest influence.  

We used three methods to select the model parameter inputs, aiming to compare the model               
prediction performance with different input parameters. The first method is a multiple linear             
regression with all 17 IEQ parameters and another regression with only the significant IEQ              
parameters as inputs using the Akaike information criterion (AIC) technique. The second            
method is a linear mixed effect model using the IEQ parameters as the fixed effects and                
“Building ID” as the random effect inputs. The third method uses the components (7 to 12                
factors) in the computed PCA as predictors in a linear mixed effect model. We applied a                
5-fold cross validation technique in the analysis and partitioned 80 % and 20 % of the data,                 
respectively, for model training and validation. Table 3 summarizes the statistical           
performance for all models. All metrics in each model are presented as a mean value from the                 
5-fold cross validation. The trained parameters (i.e., the beta estimate, βe) for each predictor              
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 PAQ* Layou
t Acoustics Thermal Window Lighting Glare Clothing Cleanlines

s 
Stuffiness 0.84 0.11 0.19 0.13 0.15 0.15 0.09 0.1 0.08 
Odors 0.82 0.05 0.14 0.04 0.13 0.23 0.05 0.1 0.26 
Air movement 0.67 0.16 0.14 0.51 0.12 0.05 0.18 0.04 -0.02 
Humidity 0.66 0.22 0.04 0.48 0.16 -0.08 0.14 0.15 0.09 
Available space 0.12 0.85 0.11 0.09 0.13 0.05 0.16 0.12 0.12 
Furnishings 0.21 0.71 0.14 0.16 0.16 0.25 -0.02 0.1 0.29 
Overall privacy 0.05 0.7 0.51 0.13 0.16 0.06 0.03 0 -0.1 
Sound privacy 0.19 0.21 0.85 0.14 0.11 0.09 0.01 0.04 0.01 
Noise level 0.15 0.17 0.76 0.16 0.1 0 0.15 0.11 0.28 
Temperature 0.26 0.16 0.16 0.85 0.03 0.04 0.07 0.06 0.09 
Personal control 0.13 0.07 0.4 0.61 0.32 0.36 0.07 0.07 0.18 
Views from  
window 0.21 0.13 0.11 0.07 0.9 -0.02 0.08 0.07 0.08 
Natural light 0.14 0.23 0.15 0.13 0.75 0.34 0.15 0.05 0.08 
Electric light 0.3 0.25 0.07 0.11 0.19 0.77 0.26 0.07 0.13 
Glare 0.21 0.12 0.12 0.13 0.17 0.19 0.89 0.03 0.1 
Dress code 0.19 0.14 0.1 0.09 0.08 0.06 0.03 0.95 0.07 
Cleanliness 0.29 0.25 0.23 0.16 0.16 0.14 0.13 0.09 0.78 
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in the Linear full, Linear AIC, Mixed full, Mixed AIC and PCA 9 models are summarized in                 
the Appendix Table A.1. Since the PCA components are data driven predictors from our              
database, some of the components may not even have proper physical meaning. Limited             
contribution is expected by showing the trained parameters on those non-interpretable           
components; thus we choose only the PCA 9 model as an example in Table A.1 while                
dropping the others. 

Table 3 Statistical performance of different models for overall environment satisfaction. Each metric is 
calculated as a mean value from the 5-fold cross validation.  

 
Initial observation suggested that the prediction performance did not vary much across            
models. A mean R2 value of 0.7 suggests that 70 % of the variance in the satisfaction with                  
overall environment can be predicted by corresponding variables in each model. An average             
magnitude of the errors is approximately 0.5 units for each model (MAE ~ 0.5). The average                
standard error of model prediction based on residuals is between 0.65 – 0.67 corresponding to               
33 % ~ 39 % of the error rate. This suggests that for about two-thirds of the time, we have a                     
correct prediction using these models. The AIC technique dropped 8 variables when            
compared with a full model, while it did not impede prediction performance. In the AIC               
modified linear model, the remaining 9 variables were cleanliness (βe = 0.24), noise level              
(0.14), electric light (0.13), furnishings (0.12), stuffiness (0.11), humidity (0.09), dress code            
(0.09), views from window (0.08) and personal control (0.05). Meanwhile, the “Building ID”             
as a random effect explained ~1.5 % of the variance in our surveyed database, which slightly                
improved the model error rate by 2.2 – 2.8 % when compared with the linear regression                
model. The magnitude and sequence of the beta estimate (βe) for each variable in the mixed                
AIC model was found very similar to that which was reported in the linear AIC model.                
Increasing the number of principle components from 7 to 12 in the PCA improved the model                
error rate by 3 %, but the improvement rate flattened when 9 components were introduced in                
the model. This indicated that an adequate number of components, not too much or too little,                
is essential to interpret occupants’ satisfaction with overall workspace environment. In other            
words, the data may vary, but further increasing of the number of factors as predictor               
variables will not bring additional improvement to the model.  
Table 3 shows that the prediction performance for all presented models are not vastly              
different from each other. The difference is therefore contributed by input parameters.            
Among all the models, the two most comparable models are the “Mixed AIC” and “PCA 9”,                
in terms of the number of variables (9 fixed effects + 1 random effect) and the model                 
performance. However, the significance of contributing variables is slightly different across           
the methods. Analyses on the model inputs are presented as follows.  

4.3.1. Surveyed parameters as input (Mixed AIC) 
In the mixed AIC model, the contributors in predicting overall environment satisfaction were             
satisfaction with cleanliness (βe = 0.24), noise level (0.15), furnishings (0.13), electric light             
(0.11), stuffiness (0.10), humidity (0.10), personal control (0.09), views from window (0.08)            
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Model No. of variables 
Random effect 
(Building ID) R2 MAE RSE Model error rate (%) 

Linear full 17 - 0.69 0.48 0.66 37.5 
Linear AIC 9 - 0.69 0.48 0.67 39.1 
Mixed full 18 Y 0.70 0.47 0.65 35.3 
Mixed AIC 10 Y 0.69 0.47 0.66 36.3 

PCA 7 8 Y 0.67 0.50 0.67 36.5 
PCA 8 9 Y 0.70 0.48 0.66 35.8 
PCA 9 10 Y 0.70 0.47 0.65 33.9 

PCA 10 11 Y 0.70 0.47 0.65 33.5 
PCA 11 12 Y 0.70 0.47 0.65 33.5 
PCA 12 13 Y 0.70 0.47 0.65 33.5 

https://doi.org/10.1016/j.buildenv.2020.107443
https://escholarship.org/uc/item/43k2z2zx


and dress code (0.07). This method shows satisfaction with cleanliness has double the impact              
on overall environment satisfaction compared to most of the other variables. These findings             
may differ greatly between offices in Singapore and the majority of the other buildings within               
the CBE dataset (data mainly obtained in the US). Within the CBE dataset, the most               
important parameter for overall workspace satisfaction is satisfaction with the amount of            
space, while the least important parameter is satisfaction with workspace cleanliness [8].  

These stark differences across building databases suggest that perhaps other factors (such as             
culture or occupant expectations) may be driving these perceptions. For example, available            
office space per occupants has declined over the years in Singapore due to high population               
density and high rental cost [49], while the designated amount of workspace area per person               
in the US is almost double that in Singapore [50]. We propose that Singaporeans may have                
adapted to a smaller workspace environment, resulting in more flexible expectations on how             
much workspace they are given—therefore resulting in the “amount of space” having little             
impact on overall environmental satisfaction. Future work should explore how cultural           
differences may influence occupant perceptions like these.  
We also found satisfaction with cleanliness to be the most important parameter for overall              
workspace satisfaction in Singaporean spaces. Previous work has shown workspace          
cleanliness to have a positive impact on occupant satisfaction with one’s office environment             
and productivity [51]. Psychological research examining the overall concept of “cleanliness”           
suggests that cleaning behaviours work to eliminate feelings of disgust. Further, when people             
feel something is clean, this evokes a sense of purity which has been shown to lead people in                  
general to make less harsh moral judgements of others around them [52]. Perhaps a cleaner               
workspace environment could, to some degree, reduce the effect of dissatisfaction caused by             
other environmental factors, leading to higher overall satisfaction with the environment.           
Perceived cleanliness of a space may mask perceptions of other environmental factors,            
allowing occupants to overlook some shortcomings of a space (just as perceptions of             
cleanliness allows for the overlooking of shortcomings of other people). To shed further light              
on this possibility, we split the satisfaction responses of those satisfied and dissatisfied with              
cleanliness as shown in Figure 5. Despite a smaller sample size (10% of the total database),                
data from the dissatisfied workspace cleanliness dataset is evenly represented by the sampled             
buildings (indicating responses are not dominated by a single unclean building). What these             
findings reflect are that if the occupants who are dissatisfied with cleanliness in their              
workspace, are also likely dissatisfied with other IEQ parameters (including the overall            
environment) compared to those who were satisfied with cleanliness. This suggests that by             
maintaining a clean environment, an organization could improve satisfaction with their           
workspace in general in Singapore. We do not have clear evidence as to why Singaporean               
workers may put a higher emphasis on cleanliness compared to those in the US. This               
difference could be the result of the “Keep Singapore Clean” campaigns. This has been a               
series of campaigns put forth to the public over the past 50 years in an effort to make and                   
keep Singapore clean [53]. A public cleanliness satisfaction survey resulting in over 2000             
Singaporean respondents, showed that 94% of the respondents agree Singapore is a clean city              
and 98% of them take pride in keeping Singapore clean [54]. This sense of pride and these                 
cultural expectations may be a large contributor in how Singaporeans conceive of and define              
“cleanliness”. Future work should continue to explore to see whether or not cultural             
differences like this persist across buildings and occupant perceptions worldwide.  
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Figure 5 Distribution of occupant satisfaction responses for subjects who are satisfied (left) 
and dissatisfied (right) with cleanliness in their workspace 

 
4.3.2. Integrated components as input (PCA 9) 
Compared to analysing the raw survey data, the PCA approach based on dimension reduction              
and data variance allows us to cluster multiple related variables into more representative             
components. Using the regenerated vectors from the “PCA 9” solution, we evaluated the             
impact of each component to the overall environmental satisfaction, and the resulting factors             
were “PAQ” (βe = 0.45), “Cleanliness” (0.39), “Acoustics” (0.39), “Layout” (0.35),           
“Window” (0.33), “Thermal” (0.33), “Lighting” (0.24), “Clothing” (0.19) and “Glare” (0.15).           
All nine components were significant (p ≤ 0.05) in this model. Comprised of four related               
variables, including air movement, humidity, odors and stuffiness (see Figure 4 and Table 2),              
the “PAQ” factor has the highest impact on overall environmental satisfaction. In another             
study, an environmental workspace survey found that only 1 out of 4 employees reported the               
air quality as optimal to them, additionally, half of respondents claimed that poor air quality               
in workspace affected their productivity [22]. Meanwhile, participants’ responses to          
perceived air quality could be influenced by multiple factors, including air movement,            
temperature, humidity and indoor pollutants [31,55]. This finding suggests that some IEQ            
parameters alone may have less impact on overall environmental satisfaction, but the impact             
can be significant if several related factors are combined together.  

Comprised of only one variable, “Cleanliness” still proved to be the second most important              
component in the “PCA 9” solution. This further highlights the ways in which the expectation               
of a clean environment may influence occupants as they consider overall workspace            
satisfaction. Equally as important as cleanliness, the “Acoustics” factor, comprised of noise            
level, sound privacy and overall privacy, also has a significant impact on overall             
environmental satisfaction. It should be noted that the “Acoustics” factor is not only weighted              
by noise level, but also privacy. A similar component was also identified by Veitch et al.,                
(labelled the “privacy/acoustics” factor), and was shown to be one of three major features in               
determining overall workspace satisfaction in the COPE study [21]. Similar to previous            
findings, the “Lighting”, “Clothing” and “Glare” factors were relatively less important in            
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predicting overall environmental satisfaction due to little variation of these parameters in            
workspace.  
Although our analyses show cleanliness in workspace is the most important single parameter             
that affect occupants'’ satisfaction with the overall workspace environment in Singapore, we            
should not overlook other parameters which have smaller impacts. The results show that the              
overall indoor environment quality is not contributed by just one parameter. The PCA             
approach suggests that even though significance for an individual variable is small, the             
integration of multiple related IEQ variables could also substantially impact overall           
environmental satisfaction. The results presented in this study could inform building           
practitioners when prioritizing allocation of resources to improve tenant satisfaction with the            
overall workspace environment. In addition, the findings can help to create meaningful IEQ             
benchmarks based on occupant satisfaction. These IEQ benchmarks allow building owners           
and facility manager to compare building performance between their buildings, and other            
similar commercial buildings in Singapore.  
5. Limitations  
A major limitation of this pilot study is the small building and individual sample size (7                
buildings and 666 respondents). This may influence the accuracy of the analysis, especially             
for instances in which there is limited variance available in the PCA. The existing database is                
part of larger longitudinal project. We are continuously surveying buildings with the intention             
of developing an IEQ benchmarking system for commercial buildings in Singapore.           
Additionally, our survey tool has been adopted by the Green Mark scheme for             
post-occupancy evaluation assessment in Singapore [17]. The analysis methods presented in           
this study can be a reference for government agencies to reproduce the findings with more               
surveyed buildings and a representable database across Singapore.  
The analyses of ordinal data (satisfaction vote) using linear regression model may be of              
concern. Therefore, we summarize the analysis using a proportional odds ordinal logistic            
regression to evaluate the significant parameters for overall workspace satisfaction in the            
Appendix Figure A.1. We showed that the order of importance of each parameter was very               
similar (or identical to the PCA components input) between the linear regression and the              
proportional odds ordinal logistic regression approach. The reason that we have chosen to             
adopt a linear regression in our analysis, instead of proportional odds ordinal logistic             
regression approach, is because the beta estimate value (βe) in a linear regression is generally               
easier to understand and interpret. In addition, the mixed effect linear model allows us to               
verify the variance of different surveyed buildings by introducing “Building ID” as a random              
effect in the model, which it is not available in the proportional odds ordinal logistic               
regression approach. 

6. Conclusions 
We modified the CBE Indoor Environmental Quality (IEQ) Occupant Survey to conduct IEQ             
satisfaction assessments in 7 commercial buildings in Singapore (666 respondents). Overall           
satisfaction with the environment was 78 %. People were most satisfied with flexibility in              
dress code (S = 86 %), electric light (84 %) and cleanliness (82 %). We found dissatisfaction                 
rates higher than 20 %, for sound privacy (D = 42 %), personal control (32 %), temperature                 
(30 %), air movement (27 %), overall privacy (26 %), and noise level (21 %). These results                 
suggest that achieving a high occupant satisfaction rate for some IEQ factors is harder than               
others. This work suggests that applying singular satisfaction ratings (i.e. 80% satisfaction            
criteria) for all IEQ parameters is inappropriate; and instead, developing satisfaction target            
rates for each IEQ factor could provide a more effective measure of occupant satisfaction              
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with indoor environment parameters. We also found that occupants are dissatisfied with the             
thermal environment in workspaces in Singapore mainly because of weak air movement and             
the space being too cold. In addition, the most prominent source of dissatisfaction in a               
Singaporean workspace comes from noise generated from other people. Correlation analysis           
suggested satisfaction with the overall environment was associated with different IEQ           
variables. We found that cleanliness was the most important individual variable affecting an             
occupant’s satisfaction with his or her overall workspace environment. We also found            
components such as Perceived Air Quality, Acoustics, Layout and Thermal - were comprised             
of multiple less significant, but inter-related IEQ variables - and also provide substantial             
influence over perceptions of overall workspace environmental satisfaction. In the future,           
this study will continue to survey more buildings, in an effort to build a substantial database                
that may be useful in developing an IEQ benchmark for commercial building in Singapore.  
7. Acknowledgment 

This research was funded by the Republic of Singapore's National Research Foundation            
through a grant to the Berkeley Education Alliance for Research in Singapore (BEARS) for              
the Singapore-Berkeley Building Efficiency and Sustainability in the Tropics 2          
(SinBerBEST2) Program. BEARS has been established by the University of California,           
Berkeley as a center for intellectual excellence in research and education in Singapore. We              
would like to thank Tom Parkinson for developing the blue prints of some of the visualization                
and Federico Tartarini for reviewing the manuscript.  
8. References 

[1] Y. Al Horr, M. Arif, A. Kaushik, A. Mazroei, M. Katafygiotou, E. Elsarrag, Occupant              
productivity and office indoor environment quality: A review of the literature, Build.            
Environ. 105 (2016) 369–389. https://doi.org/10.1016/j.buildenv.2016.06.001. 

[2] S. Altomonte, J. Allen, P. Bluyssen, G. Brager, L. Heschong, A. Loder, S. Schiavon, J.               
Veitch, L. Wang, P. Wargocki, Ten questions concerning well-being in the built            
environment, Build. Environ. (2020) 106949.     
https://doi.org/10.1016/j.buildenv.2020.106949. 

[3] C. Huizenga, K. Laeser, E. Arens, A web-based occupant satisfaction survey for            
benchmarking building quality, in: Proc. Indoor Air 2002, Monterey, CA, 2002: p. 6. 

[4] L. Zagreus, C. Huizenga, E. Arens, D. Lehrer, Listening to the occupants: a Web-based              
indoor environmental quality survey, Indoor Air. 14 Suppl 8 (2004) 65–74.           
https://doi.org/10.1111/j.1600-0668.2004.00301.x. 

[5] S. Altomonte, S. Schiavon, M.G. Kent, G. Brager, Indoor environmental quality and            
occupant satisfaction in green-certified buildings, Build. Res. Inf. 47 (2019) 255–274.           
https://doi.org/10.1080/09613218.2018.1383715. 

[6] S. Altomonte, S. Schiavon, Occupant satisfaction in LEED and non-LEED certified           
buildings, Build. Environ. 68 (2013) 66–76.      
https://doi.org/10.1016/j.buildenv.2013.06.008. 

[7] S. Schiavon, S. Altomonte, Influence of factors unrelated to environmental quality on            
occupant satisfaction in LEED and non-LEED certified buildings, Build. Environ. 77           
(2014) 148–159. 

[8] M. Frontczak, S. Schiavon, J. Goins, E. Arens, H. Zhang, P. Wargocki, Quantitative             
relationships between occupant satisfaction and satisfaction aspects of indoor         
environmental quality and building design, Indoor Air. 22 (2012) 119–131.          
https://doi.org/10.1111/j.1600-0668.2011.00745.x. 

 
Building and Environment, November 2020  17 https://doi.org/10.1016/j.buildenv.2020.107443 

https://escholarship.org/uc/item/43k2z2zx 

 
 

https://doi.org/10.1016/j.buildenv.2020.107443
https://escholarship.org/uc/item/43k2z2zx


[9] J. Kim, R. de Dear, Nonlinear relationships between individual IEQ factors and overall             
workspace satisfaction, Build. Environ. 49 (2012) 33–40.       
https://doi.org/10.1016/j.buildenv.2011.09.022. 

[10] C. Karmann, S. Schiavon, L.T. Graham, P. Raftery, F. Bauman, Comparing temperature            
and acoustic satisfaction in 60 radiant and all-air buildings, Build. Environ. 126 (2017)             
431–441. https://doi.org/10.1016/j.buildenv.2017.10.024. 

[11] P. Wargocki, M. Frontczak, S. Schiavon, J. Goins, E. Arens, H. Zhang, Satisfaction and              
self-estimated performance in relation to indoor environmental parameters and building          
features, in: Brisbane, Australia, 2012: pp. 2062–2067. 

[12] A. Penny, S. Templeman, M. McKenzie, D.T. Toral, E. Hunt, State of the Tropics              
(2020) State of the Tropics 2020 Report, t. James Cook University and State of the               
Tropics Leadership Group, 2020.    
https://www.jcu.edu.au/state-of-the-tropics/publications/2020 (accessed August 21,    
2020). 

[13] T. Cheung, S. Schiavon, T. Parkinson, P. Li, G. Brager, Analysis of the accuracy on               
PMV – PPD model using the ASHRAE Global Thermal Comfort Database II, Build.             
Environ. 153 (2019) 205–217. https://doi.org/10.1016/j.buildenv.2019.01.055. 

[14] J.Y. Lee, P. Wargocki, Y.H. Chan, L. Chen, K.W. Tham, Indoor environmental quality,             
occupant satisfaction, and acute building-related health symptoms in Green         
Mark-certified compared with non-certified office buildings, Indoor Air. 29 (2019)          
112–129. https://doi.org/10.1111/ina.12515. 

[15] M. Kottek, J. Grieser, C. Beck, B. Rudolf, F. Rubel, World Map of the Köppen-Geiger               
climate classification updated, Meteorol. Z. (2006) 259–263.       
https://doi.org/10.1127/0941-2948/2006/0130. 

[16] Data.gov.sg, Data.Gov.Sg. (n.d.). https://data.gov.sg/ (accessed October 9, 2020). 
[17] BCA, BCA Green Mark for existing non-residential buildings (GM ENRB: 2017),           

(2017). 
https://www.bca.gov.sg/GreenMark/others/GM_ENRB_2017_simplified_criteria.pdf. 

[18] ASHRAE 62.1, Ventilation for Acceptable Indoor Air Quality. ANSI/ASHRAE         
Standard 62.1-2016, Atlanta, Georgia: American Society of Heating, Refrigerating and          
Air-Conditioning Engineers, 2016. 

[19] ISO 7730, Ergonomics of the thermal environment - Analytical determination and           
interpretation of thermal comfort using calculation of the PMV and PPD indices and             
local thermal comfort criteria, 3rd ed., International Standards Organizations, 2005. 

[20] S. D’Oca, A.L. Pisello, M. De Simone, V.M. Barthelmes, T. Hong, S.P. Corgnati,             
Human-building interaction at work: Findings from an interdisciplinary cross-country         
survey in Italy, Build. Environ. 132 (2018) 147–159.        
https://doi.org/10.1016/j.buildenv.2018.01.039. 

[21] J.A. Veitch, K.E. Charles, K.M.J. Farley, G.R. Newsham, A model of satisfaction with             
open-plan office conditions: COPE field findings, J. Environ. Psychol. 27 (2007)           
177–189. https://doi.org/10.1016/j.jenvp.2007.04.002. 

[22] Future Workplace, Future Workplace Wellness Study, View, US, 2019.         
https://view.com/sites/default/files/documents/workplace-wellness-study.pdf (accessed  
June 22, 2020). 

[23] T.C.T. Cheung, S. Schiavon, L.T. Graham, K.W. Tham, Occupant satisfaction with the            
indoor environment in seven commercial buildings in Singapore: Dataset, (2020).          
https://doi.org/10.6078/D18M4G (accessed June 24, 2020). 

[24] P.L. Bonate, ed., Linear Mixed Effects Models, in: Pharmacokinet.-Pharmacodyn.         
Model. Simul., Springer US, Boston, MA, 2006: pp. 181–204.         
https://doi.org/10.1007/0-387-27199-6_6. 

 
Building and Environment, November 2020  18 https://doi.org/10.1016/j.buildenv.2020.107443 

https://escholarship.org/uc/item/43k2z2zx 

 
 

https://doi.org/10.1016/j.buildenv.2020.107443
https://escholarship.org/uc/item/43k2z2zx


[25] H. Akaike, Information Theory and an Extension of the Maximum Likelihood Principle,            
in: E. Parzen, K. Tanabe, G. Kitagawa (Eds.), Sel. Pap. Hirotugu Akaike, Springer, New              
York, NY, 1998: pp. 199–213. https://doi.org/10.1007/978-1-4612-1694-0_15. 

[26] G. James, D. Witten, T. Hastie, R. Tibshirani, An Introduction to Statistical Learning:             
with Applications in R, Springer-Verlag, New York, 2013.        
https://doi.org/10.1007/978-1-4614-7138-7. 

[27] R Core Team, R: a language and environment for statistical computing, GBIF.ORG.            
(2015). http://www.gbif.org/resource/81287 (accessed July 6, 2016). 

[28] D. Bates, M. Maechler, B. Bolker, S. Walker, R.H.B. Christensen, H. Singmann, B. Dai,              
F. Scheipl, G. Grothendieck, P. Green, J. Fox, lme4: Linear Mixed-Effects Models            
using “Eigen” and S4, 2020. https://CRAN.R-project.org/package=lme4 (accessed April        
27, 2020). 

[29] W. Revelle, psych: Procedures for Psychological, Psychometric, and Personality         
Research, 2020. https://CRAN.R-project.org/package=psych (accessed April 27, 2020). 

[30] S. Schiavon, B. Yang, Y. Donner, V.W.-C. Chang, W.W. Nazaroff, Thermal comfort,            
perceived air quality, and cognitive performance when personally controlled air          
movement is used by tropically acclimatized persons, Indoor Air. 27 (2017) 690–702.            
https://doi.org/10.1111/ina.12352. 

[31] A.K. Melikov, J. Kaczmarczyk, Air movement and perceived air quality, Build.           
Environ. 47 (2012) 400–409. 

[32] J. Pantelic, S. Liu, L. Pistore, D. Licina, M. Vannucci, S. Sadrizadeh, A. Ghahramani,              
B. Gilligan, E. Sternberg, K. Kampschroer, S. Schiavon, Personal CO 2 cloud:            
laboratory measurements of metabolic CO 2 inhalation zone concentration and          
dispersion in a typical office desk setting, J. Expo. Sci. Environ. Epidemiol. (2019)             
1–10. https://doi.org/10.1038/s41370-019-0179-5. 

[33] Singapore Standard, SS 553: Code of Practice for air-conditioning and mechanical           
ventilation in buildings., Singapore Standard Council, Singapore, 2016. 

[34] S. Schiavon, A.K. Melikov, Introduction of a Cooling-Fan Efficiency Index, HVACR           
Res. 15 (2009) 1121–1144. https://doi.org/10.1080/10789669.2009.10390882. 

[35] S. Schiavon, B. Yang, Y. Donner, V.W.-C. Chang, W.W. Nazaroff, Thermal comfort,            
perceived air quality, and cognitive performance when personally controlled air          
movement is used by tropically acclimatized persons, Indoor Air. 27 (2017) 690–702.            
https://doi.org/10.1111/ina.12352. 

[36] Z. Xu, S. Liu, G. Hu, C.J. Spanos, Optimal coordination of air conditioning system and               
personal fans for building energy efficiency improvement, Energy Build. 141 (2017)           
308–320. https://doi.org/10.1016/j.enbuild.2017.02.051. 

[37] A. Lipczynska, S. Schiavon, L.T. Graham, Thermal comfort and self-reported          
productivity in an office with ceiling fans in the tropics, Build. Environ. 135 (2018)              
202–212. https://doi.org/10.1016/j.buildenv.2018.03.013. 

[38] S.C. Sekhar, K.W. Tham, K.W. Cheong, Indoor air quality and energy performance of             
air-conditioned office buildings in Singapore, Indoor Air. 13 (2003) 315–331.          
https://doi.org/10.1111/j.1600-0668.2003.00191.x. 

[39] S.R. Haines, R.I. Adams, B.E. Boor, T.A. Bruton, J. Downey, A.R. Ferro, E. Gall, B.J.               
Green, B. Hegarty, E. Horner, D.E. Jacobs, P. Lemieux, P.K. Misztal, G. Morrison, M.              
Perzanowski, T. Reponen, R.E. Rush, T. Virgo, C. Alkhayri, A. Bope, S. Cochran, J.              
Cox, A. Donohue, A.A. May, N. Nastasi, M. Nishioka, N. Renninger, Y. Tian, C.              
Uebel-Niemeier, D. Wilkinson, T. Wu, J. Zambrana, K.C. Dannemiller, Ten questions           
concerning the implications of carpet on indoor chemistry and microbiology, Build.           
Environ. 170 (2020) 106589. https://doi.org/10.1016/j.buildenv.2019.106589. 

 
Building and Environment, November 2020  19 https://doi.org/10.1016/j.buildenv.2020.107443 

https://escholarship.org/uc/item/43k2z2zx 

 
 

https://doi.org/10.1016/j.buildenv.2020.107443
https://escholarship.org/uc/item/43k2z2zx


[40] P. Wargocki, D.P. Wyon, J. Sundell, G. Clausen, P.O. Fanger, The Effects of Outdoor              
Air Supply Rate in an Office on Perceived Air Quality, Sick Building Syndrome (SBS)              
Symptoms and Productivity, Indoor Air. 10 (2000) 222–236. 

[41] Singapore, Building and Construction Authority, Building planning and massing.,         
Centre for Sustainable Buildings and Construction, Building and Construction         
Authority, Singapore, 2010. 

[42] S. Chien, K.J. Tseng, Assessment of climate-based daylight performance in tropical           
office buildings: a case study, Int. J. Low-Carbon Technol. 9 (2014) 100–108.            
https://doi.org/10.1093/ijlct/ctu014. 

[43] A.A. Freewan, Maximizing the lightshelf performance by interaction between lightshelf          
geometries and a curved ceiling, Energy Convers. Manag. 51 (2010) 1600–1604.           
https://doi.org/10.1016/j.enconman.2009.09.037. 

[44] A.D. Galasiu, J.A. Veitch, Occupant preferences and satisfaction with the luminous           
environment and control systems in daylit offices: a literature review, Energy Build. 38             
(2006) 728–742. https://doi.org/10.1016/j.enbuild.2006.03.001. 

[45] K.L. Jensen, E. Arens, L. Zagreus, Acoustical quality in office workstations, as assessed             
by occupant surveys, in: Indoor Air 2005 Proceeding 10th Int. Conf. Indoor Air Qual.              
Clim., Tsinghua University Press, Beijing, China, 2005.       
https://escholarship.org/uc/item/0zm2z3jg (accessed December 9, 2019). 

[46] A. Haapakangas, V. Hongisto, J. Varjo, M. Lahtinen, Benefits of quiet workspaces in             
open-plan offices – Evidence from two office relocations, J. Environ. Psychol. 56            
(2018) 63–75. https://doi.org/10.1016/j.jenvp.2018.03.003. 

[47] GSA, Sound Matters - How to Achieve Acoustic Comfort in the Contemporary Office,             
Gen. Serv. Adm. (2012) 42. 

[48] W.R. Zwick, W.F. Velicer, Comparison of five rules for determining the number of             
components to retain, Psychol. Bull. 99 (1986) 432–442.        
https://doi.org/10.1037/0033-2909.99.3.432. 

[49] D. Sim, D. Chua, Office Space Redefined, Coldwell Banker Richard Ellis (CBRE)            
Research, Singapore, 2017. 

[50] W. O’Brien, F. Tahmasebi, R.K. Andersen, E. Azar, V. Barthelmes, Z.D. Belafi, C.             
Berger, D. Chen, M. De Simone, Simona d’Oca, T. Hong, Q. Jin, D. Khovalyg, R.               
Lamberts, V. Novakovic, J.Y. Park, M. Plagmann, V.S. Rajus, M. Vellei, S.            
Verbruggen, A. Wagner, E. Willems, D. Yan, J. Zhou, An international review of             
occupant-related aspects of building energy codes and standards, Build. Environ. 179           
(2020) 106906. https://doi.org/10.1016/j.buildenv.2020.106906. 

[51] M. Horrevorts, J. Van Ophem, P. Terpstra, Impact of cleanliness on the productivity of              
employees, Facilities. 36 (2018) 442–459. https://doi.org/10.1108/F-02-2017-0018. 

[52] S. Schnall, J. Benton, S. Harvey, With a clean conscience: cleanliness reduces the             
severity of moral judgments, Psychol. Sci. 19 (2008) 1219–1222.         
https://doi.org/10.1111/j.1467-9280.2008.02227.x. 

[53] J. Chia, T.S. Lim, Keep Singapore Clean campaign, Singap. Infopedia. (2012).           
https://eresources.nlb.gov.sg/infopedia/articles/SIP_1160_2008-12-05.html (accessed  
June 23, 2020). 

[54] P.T. STRAUGHAN, Public Cleanliness Satisfaction Survey: Brief findings, Res.         
Collect. Sch. Soc. Sci. (2017) 1–10. 

[55] L. Fang, G. Glausen, P.O. Fanger, Impact of Temperature and Humidity on Perception             
of Indoor Air Quality During Immediate and Longer Whole-Body Exposures, Indoor           
Air. 8 (1998) 276–284. 

 
  

 
Building and Environment, November 2020  20 https://doi.org/10.1016/j.buildenv.2020.107443 

https://escholarship.org/uc/item/43k2z2zx 

 
 

https://doi.org/10.1016/j.buildenv.2020.107443
https://escholarship.org/uc/item/43k2z2zx


Appendix  
Table A.1 Trained parameters (beta estimate value, βe ) for the models presented in Table 3 

p-value:  “***” < 0.001; “**” <0.01; “*” < 0.05 

 
 

 
Figure A1 Odds ratio for (i) satisfaction with 17 indoor environmental parameters and (ii) 9 components 

evaluated from principle component analysis. Odds ratio data points in blue means the corresponding parameter 
is significantly contributing to overall workspace satisfaction (p < 0.05). 

Proportional odds ordinal logistic regression was applied to analyse the relationship between            
different predictor inputs and satisfaction with the overall workspace environment. We use            
the “polr” function in “MASS” package in R to conduct the analysis. Figure A1(i) shows the                
odds ratio (OR) for satisfaction with the 17 indoor environmental quality (IEQ) parameters.             
The parameters are arranged in descending order of OR value. Odds ratio data points in blue                
means the corresponding parameter is significantly contributed to overall workspace          
satisfaction. Our analyses suggested that satisfaction with odors, sound privacy, available           
space, temperature, air movement, overall privacy and glare were insignificant parameters (p            
> 0.05) for overall workspace satisfaction (point in orange colour). The satisfaction with             
workspace cleanliness (OR = 2.01) was the most important parameter for workspace            
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 Models using surveyed data as input (beta estimate value,          
βe) 

 PCA 9 model 

Parameters Linear full Linear AIC Mixed full Mixed AIC  Components Beta estimate,  βe 
Intercept 0.02 0.02 0.06 0.06  Intercept 1.24*** 

Temperature 0.02  0.04   PAQ 0.45*** 
Humidity 0.06 0.09** 0.05 0.10**  Cleanliness 0.39*** 

Air movement 0.03  0.03   Acoustics 0.39*** 
Dress code 0.09** 0.09** 0.07** 0.07**  Layout 0.35*** 

Available space 0.03  0.02   Window 0.33*** 
Overall privacy 0.00  0.00   Thermal 0.33*** 

Furnishings 0.10*** 0.12*** 0.09*** 0.13***  Lighting 0.24*** 
Stuffiness 0.07* 0.11*** 0.06 0.10***  Clothing 0.19*** 

Odors 0.05  0.05   Glare 0.15*** 
Electric light 0.10** 0.13*** 0.08* 0.11***    
Natural light 0.06  0.07*     

Glare 0.01  0.01     
Window view 0.06* 0.08*** 0.06* 0.08***    

Noise level 0.14*** 0.14*** 0.14*** 0.15***    
Sound privacy 0.01  0.01     

Personal control 0.04 0.05* 0.06* 0.09***    
Cleanliness 0.23*** 0.24*** 0.22*** 0.24***    
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satisfaction. This means the overall workspace satisfaction are 2 times more likely to be              
increased by improving satisfaction with workspace cleanliness than the case when           
workspace cleanliness is not improved. The next important parameters for overall workspace            
satisfaction were noise level (OR = 1.50), dress code (1.39), electric light (1.35), furnishing              
(1.35), stuffiness (1.26), natural light (1.22), humidity (1.20), personal control (1.20) and            
views from window (1.18). Except the satisfaction with dress code and natural light are              
highlighted in the proportional odds ordinal logistic regression method, the importance for            
the rest of other parameters have not much difference from the results that evaluated by the                
linear regression approach in section 4.3 of the manuscript.  
Figure A1(ii) presents the odds ratio for the 9 principle components that evaluated from the               
surveyed database (Table 2 in the manuscript). All nine components contributed significantly            
to workspace satisfaction (p < 0.05). The significance for each component, represented by             
odds ratio, was Perceived air quality (PAQ) (OR = 4.27), Cleanliness (3.51), Acoustics             
(3.51), Layout (3.20), Window (2.83), Thermal (2.52), Lighting (2.25), Clothing (2.11) and            
Glare (1.61). This order of significance to overall workspace satisfaction by odds ratio is              
exactly the same when compared with the order of estimate that analysed using linear              
regression approach in the manuscript.  
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