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Abstract: Indoor air quality is a significant factor influencing occupant comfort, health and pro-
ductivity. Indoor air comfort and its relationship to occupant comfort and productivity are widely
documented. Statistical correlation between the two has been highlighted in scientific literature. This
paper investigates any unique correlations between non-air quality parameters (such as lux level,
temperature, and noise level) and indoor air comfort and presents a study investigating the effect of
indoor environmental quality on occupant air comfort and productivity. This study was conducted
by collecting data on indoor environmental parameters using remote sensors and an online survey
for occupant responses for twelve months. Data analysis was performed using Response Surface
Analysis to present mathematical relationships between indoor environmental quality parameters
and occupant air comfort. Results show that carbon dioxide up to 600 ppm, VOC up to 25% (by vol-
ume) and humidity up to 60% have a positive impact on occupant air comfort and productivity. Our
research highlighted that some non-air quality parameters, such as outdoor temperature and lux lev-
els, affect occupant air comfort. These results would enable built environment professionals to design
and operate offices (subtropical desert climate) conducive to occupant comfort and productivity.

Keywords: indoor environmental quality; occupant productivity; indoor air comfort; response
surface methodology; occupant health

1. Introduction

Indoor environmental quality is fundamental to occupants’ performance, productivity,
health and well-being in an office building. Awareness of the impact of the indoor environ-
ment on occupants is not recent; small-scale research and case studies began to emerge in
the early 1920s [1,2]. Indoor environmental quality comprises several physical parameters
such as thermal environment, indoor air quality, sound and lux levels, and office layout.
These factors influence occupant comfort and productivity [3]. It is necessary to clarify
what productivity means, and it can be broadly defined as the ratio of output over input [4].
However, measurement of both input and output should be conducted using the same
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parameters. According to Haynes, employees’ productivity in offices can be calculated
using the return on employee salary and operation cost [5].

Nevertheless, self-reported employee surveys can also record productivity [5]. Pro-
ductivity is generally seen as strongly related to the occupant’s comfort. Comfort can be
defined as the absence of any unpleasant condition, and it encompasses any physical and
functional comfort in the office environment. Physical comfort includes physical environ-
mental parameters such as thermal, visual, air and aural comfort; functional comfort refers
to disturbances, interruptions and resources [6].

As noted, comfort significantly influences productivity and lies within the broader
range of physical indoor environmental parameters, as shown in Figure 1.

Sustainability 2022, 14, x FOR PEER REVIEW 2 of 24 
 

office layout. These factors influence occupant comfort and productivity [3]. It is necessary 
to clarify what productivity means, and it can be broadly defined as the ratio of output 
over input [4]. However, measurement of both input and output should be conducted 
using the same parameters. According to Haynes, employees’ productivity in offices can 
be calculated using the return on employee salary and operation cost [5]. 

Nevertheless, self-reported employee surveys can also record productivity [5]. 
Productivity is generally seen as strongly related to the occupant’s comfort. Comfort can 
be defined as the absence of any unpleasant condition, and it encompasses any physical 
and functional comfort in the office environment. Physical comfort includes physical en-
vironmental parameters such as thermal, visual, air and aural comfort; functional comfort 
refers to disturbances, interruptions and resources [6]. 

As noted, comfort significantly influences productivity and lies within the broader 
range of physical indoor environmental parameters, as shown in Figure 1. 

 
Figure 1. Comfort and Productivity. 

Comfort is necessary for humans to work and be productive. However, this does not 
indicate that comfort will always lead to productivity [7]. The productivity range in this 
study is outlined by using five-scale responses from the occupants, and it is further ex-
plained in the methodology section. 

Indoor air comfort is a critical parameter in indoor environmental elements and sig-
nificantly affects occupant health and productivity [8–10]. Several studies have elaborated 
on the effect of air quality on short-term and long-term illnesses and problems [11,12]. 
However, there are not many studies that present a statistical explanation between indoor 
air quality parameters and occupant productivity in an office building, specifically for a 
building in a subtropical desert climate. Furthermore, research on indoor air quality is 
becoming more critical in the current and post-COVID-19 world [13–16]. 

This paper presents an experiment designed to establish mathematical relationships 
between indoor environmental quality and occupant air comfort and productivity. The 
study collected various indoor environmental parameters and occupants’ responses to 
different types of comforts (Figure 1). This paper only focuses on air comfort and presents 
direct and indirect impacts of the indoor environment on occupant air comfort and 
productivity. 

Figure 1. Comfort and Productivity.

Comfort is necessary for humans to work and be productive. However, this does
not indicate that comfort will always lead to productivity [7]. The productivity range in
this study is outlined by using five-scale responses from the occupants, and it is further
explained in the methodology section.

Indoor air comfort is a critical parameter in indoor environmental elements and signif-
icantly affects occupant health and productivity [8–10]. Several studies have elaborated
on the effect of air quality on short-term and long-term illnesses and problems [11,12].
However, there are not many studies that present a statistical explanation between indoor
air quality parameters and occupant productivity in an office building, specifically for a
building in a subtropical desert climate. Furthermore, research on indoor air quality is
becoming more critical in the current and post-COVID-19 world [13–16].

This paper presents an experiment designed to establish mathematical relationships be-
tween indoor environmental quality and occupant air comfort and productivity. The study
collected various indoor environmental parameters and occupants’ responses to different
types of comforts (Figure 1). This paper only focuses on air comfort and presents direct
and indirect impacts of the indoor environment on occupant air comfort and productivity.

The remainder of the manuscript is divided into five main sections. The first section
reviews the literature on indoor air comfort and its measurements. The second section
presents the structure and design of the study. The third section presents the outcomes,
including Analysis of Variance (ANOVA), Regression Analysis and twelve unique response
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surface relationships along with their contour graphs. The fourth section analyses the
results and discusses the study’s practical implications. The final section presents the con-
clusions.

2. Indoor Air Comfort

The air quality of an indoor environment influences occupant comfort; higher quality
of indoor air reflects better comfort and productivity [17–20]. Low air quality in build-
ings leads to occupant dissatisfaction and health problems [21–23]. Some major health
problems are asthma, Sick Building Syndrome (SBS) and allergy symptoms related to
respiration [24–26]. SBS is a serious problem with low air quality in the current building
stock. The main symptoms are itchy, dry eyes and nose discomfort; other problems recorded
are headaches and mental fatigue [27,28]. Air contamination, humidity and temperature
directly influence the quality of indoor air [17,29,30]. They are dependent on outdoor
conditions, building materials, heating, ventilation and air conditioning systems, room
layouts, heat and pollutants from occupants and mechanical equipment. The complexity of
the impact surges because of several explicit and implicit interplay and changes in these
interdependent factors [31]. For instance, a bad internal layout can lead to inefficient occu-
pant seating and machine locations, leading to thermal discomfort [32–34]. The thermal
environment also affects the indoor air environment. Studies show that higher humidity
can be detrimental to air quality and leads to air discomfort [35,36]. Indoor air levels are
managed by regularly changing the air in the building. Air changes are done using a venti-
lation system or natural ventilation, which helps to reduce the air pollutants in the air and
increases its quality and occupant comfort. Carbon dioxide is one of the main pollutants in
indoor air. It is measured in PPM (Particles Per Million) and removed to ensure good air
quality [11,20,37]. Ventilation rate is a critical factor affecting indoor air quality, occupant
comfort and productivity. A higher ventilation rate is associated with better indoor air
comfort and increased productivity, while lower rates of ventilation are associated with
SBS and lower productivity [38–41]. Research on building operations indicates that an or-
ganisation’s financial gains from increasing employee comfort and productivity are several
times more than the yearly operation bill of HVAC (Heating, Ventilation, Air-Conditioning)
at a higher ventilation rate. For example, a study found that an increase in air change
from 8 to 10 L/s per person could achieve approximately 13 billion dollars in savings by
higher productivity and reduced absenteeism in the office [7,42]. There are multiple HVAC
systems that work efficiently to maintain a balance between a higher ventilation rate and
reduced environmental impact [43]. Building designers should be looking to find a balance
between an adequate amount of air circulation and energy efficiency and conservation.

There are primarily three types of building ventilation systems: mechanical, naturally
ventilated and hybrid ventilation. A hybrid ventilation system uses both mechanical and
natural ventilation to provide air changes in the system. Research also suggests that hybrid
systems achieve better air quality and higher comfort and productivity [44]. However, each
building and its usage pattern are unique, and the ventilation system should be considered
based on the type of building, climatic conditions and occupancy rate predictions [45–47].
Thus, there are multiple design strategies that can be used to influence the selection of a
ventilation system.

Chemical and Microbiological Volatile Organic Compounds (MVOCs) present in the
air also affect indoor air quality and occupant comfort. High levels of VOC presence in
the air leads to increased toxicity, odour and irritant properties [48–50]. There are multiple
national and international guidelines that prescribe safe levels of contaminants in the air
to maintain a healthy indoor environment for occupants [51–53]. VOC has chemical and
physical properties that complicate design measures and suggest values for analysis [54,55].
Fanger proposed two units for measuring indoor and outdoor air pollution sources, the Olf
and the decipol. Decipol is based on the rate of pollution by one occupant, while ventilation
operates at 10 L/s of fresh air [56]; this exhibits air quality [8]. Using Fanger’s olf-decipol
method, indoor air quality is evaluated depending on the temperature, humidity and air
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pollution produced by human effluents [57]. High levels of VOC in the air are associated
with new furniture, paints and specific materials [58–60]. Hence, newer buildings are found
to have higher levels of VOC.

The literature review for this research can be compiled in three strands, as summarised
in Table 1.

Table 1. Summary of studies examining three strands of Indoor Air Quality.

No Reference Focus Area within IAQ Findings

1 [58] Components of indoor air–VOC This research provided VOC measurement protocols and data to
reduce exposure to pollutant sources.

2 [22] Components of indoor air–VOC Predicting IAQ in office buildings is possible through laboratory
emission testing of products.

3 [61] Impacts of IAQ on occupants The research focuses on preventing adverse effects of all IEQ on
occupants, including an integrated analysis assessing IAQ.

4 [21] Impacts of IAQ on occupants
A study on the comfort of workers in office buildings showed

that perceived comfort, including indoor air quality factors, is a
phenomenon that deserves more research.

5 [34] Components of indoor air
This study emphasizes the importance of designing adaptable

spaces as it reveals the association between building
characteristics and IEQ, including IAQ.

6 [32] Ventilation systems
This paper revealed occupants’ preference for some hybrid

ventilation systems over others, specifically those systems that
allowed high degrees of direct user control.

7 [46] Ventilation systems
This study examines the potential application of ventilation

systems with thermal energy storage, revealing how this system
saves electrical energy by 16.9–50.8%.

8 [62] Impacts of IAQ on occupants
This study reveals the adverse impacts of subdivided housing

units on IAQ through increasing levels of CO2 and VOCs, which
threatens the health of occupants, especially young children.

9 [29] Impacts of IAQ on occupants

The focus of this research was to better understand the impact of
several IEQ factors (odours, air movement, available space, etc.)
that are not substantial to the overall workspace contentment on
their own, but their effects become significant when these factors

are merged into broader environmental parameters (i.e.,
Perceived Air Quality, Acoustics, Layout and Thermal).

10 [43] Ventilation systems

This research focuses on the Ventilation rate aspect of the ground
source heat pump system from the perspective of energy saving
and indoor thermal comfort combined. It constructed different

settings that considered various ventilation techniques and
different cooling capacities.

11 [63] Components of indoor air–CO2 levels
A literature review that summarises results from 37 studies
linking high levels of indoor CO2 with impaired cognitive

function.

12 [39] Ventilation systems

This study uncovers how the application of hybrid or
mixed-mode ventilation systems in harsh, dry climates has the

potential to provide suitable indoor environments through highly
effective office building design.

13 [56] Components of indoor air

A critical paper that introduced the Olf and the decipol, the units
that provide a rational basis for calculating ventilation

requirements and for predicting and measuring air quality
indoors and outdoors.
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Table 1. Cont.

No Reference Focus Area within IAQ Findings

14 [64] Impacts of IAQ on occupants

This study examined indoor environmental parameters,
including IAQ and building features that primarily affect

occupants’ satisfaction in US office buildings. Satisfaction with
the amount of space was ranked the most important for

workspace satisfaction.

15 [44] Ventilation systems

This study focused on the effects of green certifications,
ventilation types and office types on occupant satisfaction,

revealing that hybrid ventilation systems achieve high
environmental satisfaction.

16 [33] Impacts of IAQ on occupants

This study presents a post-occupancy evaluation of office spaces
over twenty years, revealing that levels of satisfaction were

mainly related to spaces of interaction, followed by the amount of
light and cleanliness; dissatisfaction was related to sound privacy,

followed by temperature and noise level.

17 [40] Impacts of IAQ on occupants

This case study compared the effects of naturally ventilated (NV)
office environments to mechanically ventilated (MV) offices and
revealed that occupants in NV buildings adapted to a vast range
of environmental conditions. In contrast, those in MV offices were
less tolerant of small changes in their environmental conditions.

18 [28] Impacts of IAQ on occupants
A significant study summarises human symptoms and

discomfort in the built environment, formulating the Sick
Building Syndrome.

19 [55] Ventilation systems
This study reveals that although ventilation rates are a significant
aspect of controlling airborne concentrations, it does not visibly

influence levels of total volatile organic compounds (TVOC).

20 [25] Impacts of IAQ on occupants
A significant study that delved into understanding the

relationship between indoor air pollution and health in the late
1990s, which also considered the Sick Building Syndrome (SBS).

21 [45] Ventilation systems

This study investigated the relationship between different
ventilation systems and occupants’ satisfaction in an office
environment. It revealed that in Naturally Ventilated (NV)
buildings, good thermal conditions were associated with

increased overall satisfaction, but there was little noticeable
unfavourable impact when thermal performance was poor. In

air-conditioned buildings, thermal conditions were linked with
negative evaluations of the workspace. Finally, thermal

conditions in hybrid ventilated buildings showed positive and
negative impacts of similar amounts on overall satisfaction.

22 [8] Impacts of IAQ on occupants This paper’s focus was the impact of indoor air quality on
productivity loss in air-conditioned office buildings.

23 [50] Components of indoor air—VOC

The focus of this research is to provide a summary of
indoor/outdoor air levels of VOCs in buildings. It discusses the
methods and techniques that have been applied so far to assess

VOCs indoors and outdoors.

24 [47] Ventilation systems
This study examined the use of natural and mechanical

ventilation in 46 apartments. Occupants prioritised their thermal
comfort needs over healthy indoor air quality (IAQ).

25 [35] Impacts of IAQ on occupants

This study investigated the effects of thermal discomfort in a
workspace on perceived air quality, revealing that when

occupants felt warm, they tended to assess the air quality as
worse, hence their task performance decreased.
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Table 1. Cont.

No Reference Focus Area within IAQ Findings

26 [18] Components of indoor air–VOC

This study investigated the IAQ in Swedish housing stock,
disclosing that even though ventilation appeared to be a source of

NO2, increased ventilation rate seemed to reduce the indoor
intensities of formaldehyde and total volatile organic compounds.

27 [37] Ventilation systems

This study tested the effects of night ventilation on indoor air
quality, showing that the night ventilation strategy had

insignificant effects on microbial concentrations. At the same
time, the VOC levels reached a minimum level after 2 h

of ventilation.

28 [65] Impacts of IAQ on occupants

This study focused on the impact of air movement on perceived
air quality and Sick Building syndrome, demonstrating that the

energy-saving strategy of enhancing occupant comfort by moving
room air at a high velocity and maintaining a high room
temperature at a decreased supply of outdoor air or by a

reduction of indoor air enthalpy must be vigilantly employed in
buildings as the pollution level can still cause adverse

health effects.

29 [41] Impacts of IAQ on occupants

The objective of this paper was to identify and critically evaluate
research that links indoor environmental quality and individual

productivity to develop a theoretical model that links green
building features and initiatives in office buildings to individual

productivity and organizational performance.

30 [17] Impacts of IAQ on occupants

This study suggested five revolutionary principles for a
philosophy of excellence for the 21st century: (1) improved
indoor air quality enhances productivity and reduces SBS

symptoms; (2) redundant indoor pollution causes should be
evaded; (3) the air should be cool and dry for occupants; (4) a

slight volume of clean air should be served close to the breathing
zone of each occupant; (5) occupants should be given control of

the indoor thermal environment.

31 [48] Components of indoor air–VOC The focus of this paper was to report on the most common
procedures used in determining VOC levels.

32 [66] Components of indoor air—CO2 levels

This paper describes the use of Carbon Dioxide in evaluating
building IAQ and Ventilation in addition to factors that must be

considered, such as ventilation system configuration and
occupancy patterns.

33 [57] Components of indoor air

This study employed a methodology for evaluating perceived air
quality depending on air temperature, air humidity and air

pollution caused by humans alongside an added extra parameter:
air velocity.

34 [42] Components of indoor air—CO2 levels

This research studied the relations of higher indoor carbon
dioxide levels with impaired work performance, concluding that

there are direct adverse effects of CO2 on human performance
that could reduce energy-saving declines in outdoor air

ventilation per person in buildings.

35 [11,15] Components of indoor air—CO2 levels
These papers reviewed the relationship between ventilation rates
and CO2 concentrations in office buildings with occupant health

and risk of Sick Building Syndrome.

36 [26] Ventilation systems

This study conducted a post-occupancy evaluation of residential
buildings with two types of ventilation systems, centralized and

decentralized; malfunctions were detected in some of the
mechanical ventilation systems in the study.
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Table 1. Cont.

No Reference Focus Area within IAQ Findings

37 [31] Components of indoor air

This paper discusses factors influencing IAQ, retarding,
stabilizing and promoting and presents how those factors

influence the temperature, relative humidity and
CO2 concentration.

38 [54] Components of indoor air
This study focuses on what indoor air quality information should
be gathered through the early stages of buildings to determine

their indoor air quality performance.

39 [38] Components of indoor air

This research investigated the perceived air quality, Sick Building
Syndrome (SBS) symptoms and productivity in office buildings

and demonstrated that ventilation rates should be above the
minimum levels prescribed in standards and guidelines in the

early 2000s.

40 [10,49] Components of indoor air—VOC

Based on an analysis of indoor air pollutants in office
environments, it is recommended in this study to measure

selected compounds for odour and sensory irritation to assess
indoor air quality and minimize irritation symptoms, deteriorated

performance and cardiovascular and pulmonary effects.

41 [37] Components of indoor air

This study analysed the human response to the indoor climate
with two individually controlled convective and radiant cooling
systems, emphasizing the need for personalized control to ensure

that all occupants are content with indoor conditions.

The first strand focuses on indoor air components, describing the impacts of air
temperature, contaminants and carbon dioxide on air quality. The main elements that
can enhance air quality are VOC and carbon dioxide. The second strand concentrates
on improvement of air quality using ventilation by presenting the course of research on
ventilation from the early 20th century. Ventilation research progressed towards defining
building ventilation standards and recognizing the need for ventilation for various types of
buildings and activities within a building. The third strand converges on the impacts of air
quality on the inhabitant’s activity and well-being. Inhabitants’ well-being and health are
the fundamental motives of this indoor air research. During the late 20th century, various
health issues were documented relating to Building Related Illness (BRI), Sick Building
Syndrome (SBS) and Occupational Asthma (OA).

These strands are strongly interconnected and must be understood to develop a
thorough understanding of indoor air quality and its impact on well-being and productivity.

This study measures VOC carbon dioxide and accumulates the occupant’s response to
the research (Table 2).

Table 2. Indoor Air Quality—Independent variables (parameters) and Instrument.

Indoor Air Quality

Measurable Parameters Instrument Occupant Survey

Indoor pollutant level (Volatile
Organic Compound) Sensor Occupants’ response to the

indoor air quality
Carbon Dioxide Sensor

3. Research Design

The fundamental factors in planning the indoor environment of a building should
be based on its plan and orientation, occupant behaviour and material and contextual
weather conditions. Field investigations suggest that Post Occupancy Evaluation (POE) is
an adequate method of calculating the impact of indoor environmental quality elements on
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occupant productivity and comfort [67–69]. This research utilized POE to obtain occupants’
feedback and used sensors to measure indoor environmental quality. The experiment was
carried out in two offices of the same organization divided into 15 zones in one of the Gulf
Cooperation Council (GCC) countries, as seen in Figure 2. Forty employees from this office
were recruited for this study. The sample was diverse concerning their backgrounds and
the range of seating layouts within the office area, including single and double occupancy
rooms and open-plan settings. The overall local climate can be classified as climate zone 1B,
which is very hot and dry and has low annual rainfall. These conditions push inhabitants
to spend most of their time indoors and have created enveloped buildings to maintain the
indoor environment and provide comfort to occupants.
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Figure 2. Research Design.

People tend to spend most of their time indoors in controlled environmental condi-
tions, which can serve as a working/live laboratory for this trial. An office facility with
40 employees was utilized for this trial and was divided into 12 zones to install sensors
correspondingly. The office layout plan is attached in Appendix A. Response Surface
Methodology in MiniTab was used to analyse the findings [70]. The result was a regression
equation that defined the numerical correlation between dependent (occupant produc-
tivity) and independent (indoor parameters) variables. It also created an R-square value
describing the correlation between dependent and independent variables and outlined the
surface plots. These surface plots present the multinomial connection between occupant
productivity and indoor environmental parameters.

3.1. Survey Design

This research included requesting an online survey of employees fortnightly by the
company’s Human Resources department. The collection and storage of data was encrypted
to ensure the anonymity and safety of employees. The responses from the respondents were
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also timestamped according to the local time zone. The research team developed an online
questionnaire (Table 3) for occupants to collect biological data and occupant responses,
and other indoor environmental quality factors. The research team also conducted a
workshop to explain the experiment to the employees. This paper is part of an experiment
investigating the effect of temperature, relative humidity, carbon dioxide, volatile organic
compound, lux, sound and desktop background on various occupant comfort areas such
as thermal, aural and visual. However, this paper only considers the responses to the air
comfort question and identifies the effects of all parameters on it.

Table 3. Survey Questions. Question: How have these factors affected your productivity?

Indoor Environment Factor Very Negatively Negatively Neutral Positively Very Positively

A Thermal comfort
B Mechanical ventilation
D Illumination levels
E Daylight
F Glare control
G Views
H Acoustic quality
K Office Layout
L Closeness to nature

Indoor environment parameters are the underlying factors that affect occupant produc-
tivity and comfort. Comfort and productivity are different; however, they are both affected
by the indoor physical environment, and productivity lies within the comfort range. A
human can be comfortable but not productive; however, humans must be comfortable and
productive, especially in office tasks and work scenarios. Therefore, this experiment was
designed to treat indoor environmental parameters as independent factors and occupant
comfort and productivity as the dependent variable. Since the experiment focused on
outlining the degree of the effect of the indoor environment on occupant productivity
and comfort, it does not need to measure individual occupant productivity; it only needs
to measure the degree of effect that indoor environmental parameters have on occupant
comfort and productivity. This was achieved using an occupant survey (questionnaire)
to outline that relationship. The questionnaire asked inhabitants how various indoor
environmental parameters influenced their productivity. Productivity levels mentioned
in this study are related to occupant responses that ranged from very negative to very
positive using the Likert scale [71]. The responses “very negative” and “negative” captured
the occupant’s discomfort, and “positive” and “very positive” captured the occupant’s
comfort. “Neutral” response captured the occupant’s neutral comfort or indecision. Each
response was timestamped with its zones to ensure that all measurements were precisely
determined (average of the past hour). Timestamping also ensured that the responses could
be associated with the data collected from sensors with environment data, which were also
termed as runs in the response surface methodology.

The runs would facilitate determining and generating different relationship equations
between seven input variables (temperature, relative humidity, carbon dioxide, volatile
organic compound, lux, sound, desktop background) and the performance variable (y).
Data collection was conducted for 12 months. Sensors remained switched on throughout,
and a survey request was sent every two weeks via email on working days (weekdays). The
survey question and options are shown in Table 3, which provided 500 data points, reduced
to 368 after cleaning and adjusting data. Cleaning was conducted to remove any outliers,
any response with all answers as ‘neutral’ and half-answered surveys. Data collection over
a year ensured that the captured data reflected all the climatic conditions.
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3.2. Physical Parameters Measurement

Sensors were deployed to collect the physical environmental data in each zone through
sensors for all environmental parameters. The literature review suggested that carbon
dioxide and volatile organic compounds are prime factors influencing indoor air quality
and productivity [72,73]. It also suggested that outside temperature and relative humidity
indirectly influence occupant productivity and comfort in mechanically ventilated struc-
tures [74,75]. Therefore, outside temperature and relative humidity sensors were also
placed to gauge any impact of outdoor thermal conditions on occupant productivity and
indoor air comfort. These sensors were linked to a base unit (BRE base unit) that uploaded
the information to an online storehouse, allowing the download of data in excel formats.
A total of 90 sensors placed in 15 zones collected 58.9 million data points throughout
the year. All sensors were calibrated before deployment and monitored to ensure effi-
cient and accurate functionality. Table 4 provides an overview of IEQ factors and their
measurement parameters.

Table 4. IEQ Parameters Measurement.

IEQ Factor Parameter Measured by Input
Variable

Response/Performance
Variable

Thermal Comfort

Temperature (◦C) Zigbee T-3524C x1

y
(Calculated from the

survey responses)

Relative humidity (%) x2

Outside temperature (◦C) Vantage Pro x3
Outside RH (%) x4

Indoor Air Quality
Carbon Dioxide (P.P.M.) Zigbee T-3571 x5

Volatile Organic Compound
(V.O.C. free air %) Zigbee T-3576 x6

Illumination Lux level (lx) x7

Noise Sound level (dB) Zigbee T-3551 x8

Office Layout
Seating arrangement (room

layout and access
to window)

Researcher
(Office plan) x9

3.3. Data Analysis: Response Surface Methodology

Response Surface Methodology (RSM) was used for data analysis to provide a frame-
work for analysing the IEQ data and data of the occupant survey. It produced different
statistical models to outline each IEQ’s level of influence on occupant productivity. RSM
combines mathematical and statistical methods to create and interpret polynomial equa-
tions [76–78]. Its primary purpose is to examine independent variables and experiment
with empirical models to develop an appropriate relationship between the response and
the input variables. It also optimises estimating values of x1, x2, . . . , xk that produce the
most desirable value of y [79–81].

RSM encapsulated direct relationships between indoor air quality parameters and
occupant productivity. It also helped to identify any indirect relationships with other
environmental parameters. It helped produce the response profile of dependent variables
due to the interaction with independent variables. It is highly applicable in this experiment
as there are multiple independent variables. Researchers used MiniTab to conduct RSM
analysis to reveal the correlation between the nine parameters collected and used as
independent variables against the survey response of air quality (dependent variable). This
helped to map the direct and indirect influence of non-indoor air parameters on air comfort
and productivity.

This research applied a backward elimination procedure to administer response sur-
face analysis. This procedure is typically used for the elimination of the independent
variable with a minimum impact on the dependent variable in multiple regression analysis.



Sustainability 2022, 14, 15719 11 of 24

The process starts with including all independent variables in the model and eventually
eliminates one input variable in each run with a minimum impact on the model. This
stepwise procedure continues until no independent variables in the model have a p-value
greater than the value specified (alpha to remove). This experiment used 0.1 as the alpha to
remove the value in this experiment and produced results with 90% confidence.

4. Results

Response Surface Analysis identified the various independent variables influencing
the occupants’ perception of indoor air and its effect on their productivity. This section is
divided into three sections: ANOVA, regression and response surface analysis.

4.1. Analysis of Variance

The Analysis of Variance (ANOVA) test outlines the relationship between the de-
pendent and independent variables [82]. In this study, the independent variables were
the nine indoor environmental parameters, and occupant response was the dependent
variable. ANOVA was conducted using a = 0.1 (90% accuracy). Results show that car-
bon dioxide, volatile organic compounds, outside temperature, and illumination levels
(availability of interior/exterior windows) significantly impact (p < 0.005) occupant pro-
ductivity and air comfort. It also showed a two-way interaction of air quality parameters
(carbon dioxide, volatile organic compound) with non-air quality parameters (sound, light,
temperature), indicating a strong effect on occupant air comfort. More details are in the
Supplementary File.

4.2. Regression Analysis

Regression analysis was also conducted as part of the Response Surface Analysis. The
coefficient of determination (adjusted R-square) value is 76.95%, indicating that 77% of
the data fits the regression. This analysis suggests that there is a significant relationship
between dependent and independent variables.

It also produced a regression equation (presented only up to three decimal places).

Air Comfort and Productivity = 1.27 − 0.00785 CO2 + 0.0319 VOC + 0.00913 Relative Humidity
−0.370 Temperature + 0.1035 Outside Temperature

+0.0353 Outside Relative Humidity + 0.1930 Sound +
−0.863 Kind of Workspace_1 − 0.306 Kind of Workspace_2
+1.322 Kind of Workspace_3 + 0.47 Kind of Workspace_4

−0.621 Kind of Workspace_5 + 1.658 Do you sit near (wall type):_1
+0.241 Do you sit near (wall type):_2
−0.448 Do you sit near (wall type):_3
−1.451 Do you sit near (wall type):_4

The regression equation shows various variables that affect occupant indoor air com-
fort productivity. Results show that carbon dioxide, temperature, sound and wall type
influence occupant indoor air comfort levels and productivity.

As part of the analysis, unique relationship graphs were produced to show the impact
of different independent parameters on the dependent variable.

4.3. Response Surface Analysis

Response Surface Analysis produced contour and surface plots that present the in-
fluence of two indoor environmental parameters on indoor air comfort and productivity.
These plots are used to identify optimal results by showing the effect of variations of two
independent variables on the dependent variable [76,83]. These graphs also present any
interdependencies of independent variables, and they would help outline any latent effects
of different indoor environmental factors on indoor air comfort and productivity. The
analysis produced 15 relationships; however, only 12 were considered due to the high
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p-value of indoor environmental quality. The relationships listed below are the outcome of
the RSM (Table 5).

Table 5. Interdependencies of Independent Variables.

S. No. Independent
Variable 1 Effect & Range Independent

Variable 2 Effect & Range Inference

1 Illumination 250–450 lux Outside
Temperature

Higher temperature
leads to a

negative impact
Range: Below 35 ◦C

Both illumination and
outside temperature

influence indoor
air comfort

2 Sound Minimum or
no effect

Outside
Temperature

Higher temperature
leads to a

negative impact
Range: Below 35 ◦C

Outside temperature
influences indoor

air comfort
and productivity

3 Outside Relative
Humidity

Higher outside
humidity has a

negative impact on
indoor air comfort
and productivity

Outside
Temperature

Higher temperature
leads to a

negative impact
Range: Below 35 ◦C

Both outside
temperature and

relative humidity have
a negative effect

4 Temperature A weak or
indirect effect

Volatile Organic
Compound

Higher VOC-free air
results in better indoor

air comfort
and productivity

Range: 70% & above

VOC presence reduces
indoor air quality
and productivity

5 Relative Humidity

Relative humidity
has a higher

impact than VOC
Higher levels of

relative humidity
contribute to

indoor air
discomfort and are

detrimental to
productivity

Range: up to 55 dB

Volatile Organic
Compound

Weak impact—Lower
VOC has a positive effect

on indoor air quality.

VOC has less influence
compared to relative
humidity; however, it
affects the impact of
relative humidity on

indoor air quality

6 Illumination 250–450 lux Carbon Dioxide 600 ppm or below
Both illumination and
carbon dioxide affect

indoor air quality

7 Sound No significant
impact Carbon Dioxide 600 ppm Carbon Dioxide has a

strong impact

8 Outside Relative
Humidity

No significant
impact Carbon Dioxide 650 ppm or below Carbon Dioxide has a

strong impact

9 Outside
Temperature

Positive impact up
to 35◦c Carbon Dioxide 800 ppm or below

Both outside
temperature and

carbon dioxide affect
indoor air quality

10 Temperature No significant
impact Carbon Dioxide 500 ppm or below Carbon Dioxide has a

strong impact

11 Relative Humidity No significant
impact Carbon Dioxide 700 ppm or below Carbon Dioxide has a

strong impact

12 Volatile Organic
Compound

No significant
impact Carbon Dioxide 500 ppm or below Carbon Dioxide has a

strong impact
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4.3.1. Relationship between Outside Temperature, Illumination and Indoor Air Comfort
and Productivity

The plots shown in Figure 3 outline the interaction between illumination and outside
temperature. Both illumination and outside temperature impact indoor air comfort and
productivity. Higher lux levels have a positive impact on occupant indoor air comfort and
productivity. However, higher outside temperature has a negative impact, which shows
that the occupant’s perception of air quality improves with the lux levels. Illumination
above 150 lux has a positive impact on air comfort and productivity. This relationship
also demonstrates that outside temperature influences indoor air quality through mechani-
cal ventilation.
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Figure 3. Relationship between illumination, outside temperature and indoor air comfort.

4.3.2. Relationship between Outside Temperature, Sound and Indoor Air Comfort
and Productivity

The plots shown in Figure 4 outline the interaction between sound and outside tem-
perature on indoor air comfort and productivity. Outside temperature negatively correlates
with indoor air comfort and productivity in this interaction, and the outside temperature
has a positive effect below 35 ◦C, which confirms previous findings that outside tempera-
ture negatively impacts indoor air comfort and productivity, and also indicates that sound
does not affect indoor air comfort and productivity.
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Figure 4. Relationship between sound, outside temperature and indoor air comfort.

4.3.3. Relationship between Outside Temperature, Outside Relative Humidity and Indoor
Air Comfort and Productivity

The plots shown in Figure 5 outline the relationship between outside relative humidity,
outdoor temperature and indoor air comfort. Both outside temperature and relative
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humidity have an adverse effect on occupant indoor air comfort and productivity. An
increase in outside temperature and relative humidity leads to a reduction in indoor air
comfort and productivity. Plots indicate that outside temperature below 35 ◦C has a positive
effect on indoor air comfort and productivity.
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Figure 5. Relationship between outside relative humidity, outside temperature and indoor air comfort.

4.3.4. Relationship between VOC, Temperature and Indoor Air Comfort and Productivity

The plots shown in Figure 6 outline that VOC has a more substantial impact, and that
higher VOC-free air leads to better indoor air comfort and productivity. They show that 70%
of VOC-free air and above can positively affect occupant comfort and productivity. In this
interaction, the temperature has a weak influence on occupant air comfort and productivity
in comparison to VOC. However, a lower temperature is associated with lower air comfort
and productivity.
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Figure 6. Relationship between temperature, VOC and indoor air comfort.

4.3.5. Relationship between VOC, Relative Humidity and Indoor Air Comfort
and Productivity

The plots shown in Figure 7 present the interaction between relative humidity, VOC
and indoor air comfort. These plots show that both VOC and relative humidity influence
occupant indoor air comfort and productivity. Higher VOC-free air increases air comfort
and productivity, and VOC open air above 70% has a positive impact. In comparison, higher
humidity results in indoor air discomfort and productivity. Optimum relative humidity
levels are noted to be below 60%. Interestingly, relative humidity has a more substantial
influence than VOC in this interaction.
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Figure 7. Relationship between relative humidity, VOC and indoor air comfort.

4.3.6. Relationship between Cardon Dioxide, Illumination and Indoor Air Comfort
and Productivity

The plots shown in Figure 8 outline the interaction between illumination, carbon
dioxide and indoor air comfort. They show that illumination levels and carbon dioxide
affect indoor air comfort and productivity. Higher illumination levels result in higher
comfort and productivity; the optimum lux level range is 250–450 lux. Higher carbon
dioxide in the air results in lower productivity, and the optimum carbon dioxide level is
achieved below 600 ppm.

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 24 
 

Figure 8. Relationship between relative humidity and VOC on indoor air comfort. 

4.3.7. Relationship between Sound, Carbon Dioxide and Indoor Air Comfort and 
Productivity 

The plots shown in Figure 9 present the interaction between sound, carbon dioxide, 
indoor air comfort, and productivity. In this interaction, the sound minimises indoor air 
comfort and productivity. Carbon dioxide significantly impacts indoor air comfort and 
productivity, and an optimum level of carbon dioxide is below 600 ppm. 

 
Figure 9. Relationship between sound and carbon dioxide on indoor air comfort and productivity. 

4.3.8. Relationship between Outside Relative Humidity, Carbon Dioxide and Indoor Air 
Comfort and Productivity 

The plots shown in Figure 10 outline the influence of outside relative humidity and 
carbon dioxide on indoor air comfort. Outside relative humidity and carbon dioxide affect 
indoor air comfort and productivity, and increased levels of outside relative humidity 
negatively impact air comfort and productivity. Optimum levels of outside relative hu-
midity are below 60%, and higher carbon dioxide levels lead to lower air comfort and 
productivity. The optimum carbon dioxide level is observed to be below 650 ppm. 

Figure 10. Relationship between outside relative humidity and carbon dioxide on indoor air comfort. 

VOC 75
Relative Humidity 52.215
Temperature 23.61
Outside temperature 28.75
Outside Relative Humidity 46.75
Sound 52.07
Kind of Workspace 2
Do you sit near  (wall type): 1

Hold Values

CO2

Lig
ht

1000900800700600500400

450

400

350

300

250

200

150

100

50

>  
–  
–  
–  
–  
<  0.0

0.0 1.5
1.5 3.0
3.0 4.5
4.5 6.0

6.0

ventilation
mechanical

0

2

4

400 060 008

030
51 0

00001

4
030
450

6
n

thgiL

2OC

VOC 75
Relative Humidity 52.215
Temperature 23.61
Outside temperature 28.75
Outside Relative Humidity 46.75
Light 300
Kind of Workspace 2
Do you sit near  (wall type): 1

Hold Values

CO2

So
un

d

1000900800700600500400

65

60

55

50

45

40

>  
–  
–  
–  
<  2

2 3
3 4
4 5

5

ventilation
mechanical

1 0.

52.

0.4

4 00 600 800

06
50

40
0001

06
70

04

5.5

no

dnuoS

2OC

VOC 75
Relative Humidity 52.215
Temperature 23.61
Outside temperature 28.75
Sound 52.07
Light 300
Kind of Workspace 2
Do you sit near  (wall type): 1

Hold Values

CO2

Ou
tsi

de
 R

ela
tiv

e H
um

idi
ty

1000900800700600500400

80

70

60

50

40

30

20

10

>  
–  
–  
–  
–  
–  
<  1

1 2
2 3
3 4
4 5
5 6

6

ventilation
mechanical

2

4

04 0 600 800

50
25

01000

575

6

on

leR edistuO m diative Hu

CO2

Figure 8. Relationship between relative humidity and VOC on indoor air comfort.

4.3.7. Relationship between Sound, Carbon Dioxide and Indoor Air Comfort
and Productivity

The plots shown in Figure 9 present the interaction between sound, carbon dioxide,
indoor air comfort, and productivity. In this interaction, the sound minimises indoor air
comfort and productivity. Carbon dioxide significantly impacts indoor air comfort and
productivity, and an optimum level of carbon dioxide is below 600 ppm.
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Figure 9. Relationship between sound and carbon dioxide on indoor air comfort and productivity.

4.3.8. Relationship between Outside Relative Humidity, Carbon Dioxide and Indoor Air
Comfort and Productivity

The plots shown in Figure 10 outline the influence of outside relative humidity and
carbon dioxide on indoor air comfort. Outside relative humidity and carbon dioxide affect
indoor air comfort and productivity, and increased levels of outside relative humidity nega-
tively impact air comfort and productivity. Optimum levels of outside relative humidity
are below 60%, and higher carbon dioxide levels lead to lower air comfort and productivity.
The optimum carbon dioxide level is observed to be below 650 ppm.
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Figure 10. Relationship between outside relative humidity and carbon dioxide on indoor air comfort.

4.3.9. Relationship between Outside Temperature, Carbon Dioxide and Indoor Air Comfort
and Productivity

The plots shown in Figure 11 present interactions between temperature, carbon diox-
ide, indoor air comfort and productivity. Outside temperature and carbon dioxide nega-
tively correlate with indoor air comfort and productivity, and optimum carbon dioxide
levels are below 800 ppm.
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Figure 11. Relationship between outside temperature and carbon dioxide on indoor air comfort.

4.3.10. Relationship between Temperature, Carbon Dioxide on Indoor Air Comfort
and Productivity

The plots shown in Figure 12 present the interaction between the temperature, carbon
dioxide and indoor air comfort. Carbon dioxide significantly influences indoor air comfort,
and optimum levels are observed up to 500 ppm. In this interaction, plots indicate that
temperature does not significantly affect indoor air comfort and productivity.
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Figure 12. Relationship between temperature and carbon dioxide on indoor air comfort.

4.3.11. Relationship between Relative Humidity, Carbon Dioxide and Indoor Air Comfort
and Productivity

The plots shown in Figure 13 outline the relationship between relative humidity,
carbon dioxide, indoor air comfort and productivity. Carbon dioxide significantly impacts
indoor air quality—and by extension, occupant comfort and productivity—and optimum
levels are observed below 700 ppm. Between the relative humidity and carbon dioxide,
relative humidity does not significantly affect indoor air comfort.
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Figure 13. Effect of relative humidity and carbon dioxide on indoor air comfort.



Sustainability 2022, 14, 15719 18 of 24

4.3.12. Effect of VOC and Carbon Dioxide on Indoor Air Comfort and Productivity

This relationship (shown in Figure 14) presents the interactions between VOC, carbon
dioxide, indoor air comfort and productivity. Carbon dioxide significantly impacts indoor
air quality compared to VOC. The optimum level of carbon dioxide is 500 ppm. Between
VOC and carbon dioxide, VOC has a less significant effect on indoor air quality.
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Figure 14. Effect of VOC and carbon dioxide on indoor air comfort.

5. Discussion

This experiment aimed to identify the effect of various physical environment qualities
on occupant air comfort and productivity. Response surface analysis produced unique
interactions between independent and dependent variables. Twelve relationships were
analysed to understand the effect of indoor environmental factors on occupant comfort and
productivity, as shown in Table 5. Based on the critical relationships discussed above, six
IEQ parameters were found to impact occupant air comfort and productivity substantially.
The following section discusses the critical findings of the seven parameters and their roles
in building design and operations.

5.1. Carbon Dioxide

Carbon dioxide has the greatest effect on the occupant’s air comfort and productivity.
Amongst seven relationships, it showed a more substantial impact than any other indoor
environmental quality parameters. The comfortable range presented in different relation-
ships ranged up to 800 ppm. However, most of them indicated an optimum range of
around 600 ppm. These levels are below the current suggested standards of keeping carbon
dioxide levels below 1000 ppm [42]. Results indicate that those previously suggested levels
do not cause any adverse effects on comfort. Nevertheless, they do not help in improving
comfort and productivity.

The design implication of the carbon dioxide results means that design and operation
professionals must incorporate their strategies. Design strategies include both passive
and active methods. Passive design strategies improve natural airflow in a building by
using the orientation, placement and sizes of the windows and openings; active design
strategies include increasing the air change in the Heating, Ventilation and Air Conditioning
system (HVAC).

5.2. Relative Humidity

Relative humidity ranks second in effect on occupant air comfort and productivity. It
has less influence than carbon dioxide but more than Volatile Organic Compounds. Relative
humidity results show that it should be less than 60%. This result aligns with the current
recommendations [84,85]. Relative humidity can be maintained by managing the airflow of
the indoor environment. In a mechanical ventilation system, this can be done by adjusting
the air changes in the HVAC system. In a hybrid or natural ventilation system, relative
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humidity can be managed by managing the airflow using the orientation and sizes of the
window and air inlets in the building.

5.3. Volatile Organic Compound

VOC stands third in effect on occupant air comfort and productivity. It has less
influence than carbon dioxide and relative humidity but more than temperature. VOC
presence in the air adversely affects occupant air comfort and productivity. Results indicate
that 25% or more VOC in the air (by volume) harms occupant air comfort and productivity.
VOC is majorly found in indoor environments with new furniture and paint [59,86]. To
avoid indoor air pollution, design and construction professionals must ensure that paint
and varnishes used on furniture and wall surfaces do not contribute to the VOC levels.

5.4. Outside Relative Humidity & Outside Temperature

Both outside relative humidity and temperature have an adverse effect on indoor air
comfort and productivity. Our results reveal that when outside temperature is above 35
◦C and outside relative humidity is below 60%, occupant air comfort and productivity is
negatively impacted. The experiment was conducted in a hot and dry climate, and the
weather during the day presented high temperatures with low humidity. The average
temperature is 27 ◦C with a monthly temperature variation of 17.7 ◦C and a diurnal
variation of 11◦C. This has a negative influence on indoor air comfort and productivity.
Though outdoor climate cannot be controlled at the city level, the microclimate around
the site can be managed by using bodies of water and landscaping (low and high trees) in
conjunction with the building’s orientation, opening and roof design.

5.5. Temperature

Results show that indoor temperature has an indirect influence on indoor air comfort.
In relationship four, it showed a weak or indirect impact on air comfort against VOC
and no significant impact against carbon dioxide. These findings partially sit with the
literature suggesting a strong link between indoor temperature and indoor air comfort
and productivity [11,87,88]. The impact of the temperature is compared against prime air
quality parameters, thus results confirm that carbon dioxide and VOC significantly affect
occupant air comfort and productivity [73,89]. The HVAC system can directly control the
temperature in mechanically ventilated buildings. However, in mixed-mode or natural
ventilation, passive design techniques such as orientation, the location of openings and
bodies of water that manage airflow can help to manage the temperature of the building.

5.6. Illumination

Results also indicate that illumination has lower illumination levels that have a nega-
tive impact on indoor air comfort and productivity. The comfortable range presented in the
result is between 250 and 450 lx. Sensor and appropriate light fixtures can manage both lux
level and light temperature.

The seven indoor environmental quality parameters that influence occupant air com-
fort and productivity are seen above. The aforementioned discussion also provided poten-
tial design solutions to maintain their recommended levels.

6. Conclusions

This study investigated the influence of the indoor environment on occupant indoor
air comfort and productivity. The study used response surface analysis to exhibit the rela-
tionship between indoor environmental factors and occupant air comfort and productivity.
The analysis also produced twelve relationships that presented the interaction between
the two indoor environmental parameters and their effect on occupant air comfort and
productivity. The data collection and the analysis provided the quantitative basis to show
the impact of IEQ factors on occupant air quality and productivity in office buildings. Our
research shows that carbon dioxide has the maximum influence on occupant air comfort,
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with a recommended range of up to 600 ppm to achieve a positive influence on produc-
tivity. Other parameters with direct effect were relative humidity (up to 60%), VOC (up
to 25%) and outside relative humidity and temperature; temperature and illumination
have an indirect effect on air comfort. In addition, these relationships highlighted some
new insights, e.g., the direct effect of the outside temperature and the indirect impact of
light on occupant air comfort and productivity. The research findings would help industry
design professionals design a better indoor environment for office occupants. Research
literature has revealed that better indoor environmental quality in an office building posi-
tively impacts occupants’ psychological and physical health and thus reduces absenteeism
and consequently increases productivity [90,91].

The research findings can be used to update the design guidelines and recommenda-
tions in respective design criteria for office buildings. Construction and asset management
professionals can also benefit from this research. They can use these findings to ensure that
office buildings’ as-built performance matches the study’s recommended range of indoor
environmental parameters. Building Management Systems can be configured according
to the study results, ensuring that recommended environmental levels are implemented.
These aspects have assumed particular importance in the current climate due to COVID-19.

This research can provide insights for future areas of study. One area mentioned
above determined the levels of IEQ parameters required to counter the COVID-19 virus
circulation concerns [14,92]. Another area is to develop an Artificial Intelligence controlled
building management system that would collect data on environmental parameters influ-
encing occupant comfort and productivity and manage the environment according to the
recommended range of these parameters. This research was conducted in a country with a
hot and humid climate; therefore, the results can be easily applied to regions with similar
climatic conditions. Based on this research, future studies can use new areas as prototypes
to conduct similar research in different climate zones and building types, such as housing
(single-family and multi-family), mixed-use, education, health care and retail. The authors
envision that the work done in this research would help add substantial knowledge on the
indoor environment and occupant air comfort and productivity.
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