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Abstract 

The importance of windows to Indoor Environmental 

Quality (IEQ) cannot be disputed, as it is one of the key 

building elements that contribute to achieving all the 4 

variables of IEQ (sound quality, lighting quality, air 

quality and thermal quality). Window as a member of 

the building fabric has received a lot of attention over 

the years due to its high U-values as compared to the 

other members of the building fabric. The focus on the 

thermal performance of windows has led to the 

development of different forms of glazing. However to 

achieve total Indoor Environmental Quality (IEQ), sound 

quality, lighting quality and air quality must also be 

attained in addition to thermal quality. This raises a 

question, which needs to be addressed; do current 

windows used in tropical office spaces achieve IEQ? 

This study probes this question using Contam, 

Soundflow, Radiance and Ecotect as simulation 

softwares to analyse the performance of a window in a 

case study office space. Quantitative methods were 

mainly used with the case study approach to achieve 

results. Results show that the existing window, which is 

sliding, performed well with air quality, partially good 

with visual quality but was not good with both thermal 

and sound quality. Sliding window, which is the 

predominant office window, thus needs improvement for 

better IEQ. Study paves the way for further development 

and improvement of windows used in tropical office 

spaces. 

Keywords: Windows, Tropics, Indoor environmental 

quality, Simulation, Contam, Ecotect, Radiance, 

Soundflow 

 

Introduction 

The nature of man has always made him try to achieve 

comfort wherever he is and achieving this comfort made 

man modify the macro climate to a suitable micro 

climate through buildings (Gyimah et al, 2017). The 

Roman Architect Vitruvius in his early writings “De 

Architectura” (c.15 B.C) outlined three qualities of 

Architecture as Firmitas (durability), Utilitas (functional)  

and Venustas (delight) (Gyimah and Oppong, 2016). 

These three qualities of architecture were used in 

building design and construction for many centuries until 

industrialisation.  

 

The advent of the industrial revolution brought in 

various building materials and thus construction methods 

that mainly focused on Firmitas (durability) and 

Venustas (delight). Architectural styles such as 

modernism, post modernism, art nouveau, Bauhaus, 

structuralism, international style evolved, down playing 

Utilitas (functionality). Since oil was used in machines 

to achieve comfort in buildings, oil shortage after the 

World War II brought prominence to Utilitas 

(functionality) as part of building design and 

construction (Brohl, 2001). The need to achieve quality 

indoor spaces became very necessary around the 1950s 

and the world and countries started developing standards 

such as ISO EN 7730 (2005), ASHRAE Standard 55 

(2004), ASHRAE Standard 62.1 (2004), European 

Technical Report CR 1752 (1998) (Gyimah et al, 2017). 

 

Information and Communication Technologies (ICT), 

which were developed mainly for military purposes 

(Weisberg, 2008), started being used in other sectors. 

The building and construction sector got its share in the 

1960s with the development of X and Y plots in a PhD 

thesis by Ivan Sutherland at Massachusetts Institute of 

Technology (MIT) (Sutherland, 1963). The X and Y 

plots grew the two dimensional (2D) Computer Aided 

Design (CAD) for years. AutoCAD became one of the 

most widely used 2D softwares across the globe. 

Gradually, three-dimensional (3D) functionalities were 

added to the market to visualise buildings and create 

motion effects (Onyegiri et al, 2011).  

 

Developments into ICT use in the built environment 

continue to progress and now there is a fourth dimension 

(4D) and fifth dimension (5D) to building design. 4D 

building design also called Simulation-Based Modelling 

refers to 3D design with the factor of time or schedule 

added on (Jacobi, 2011).  When time and cost is added to 

3D modelling, a 5D is achieved (Alrashed and 

Kantamaneni, 2018). Different softwares exist for 

different purposes; however, there are softwares that 

have all the dimensions incorporated. Gyimah et al 

(2019) outlined softwares such as Ecotect, Design 

Builder, IES VE, Contam, Radiance, Energy Plus, 

Daysim and Tas as some Simulation-Based Modelling 

(4D) softwares for IEQ assessment. Table 1 presents the 

various softwares used in researches (2007-2017) and 

the IEQ variables they assess. 
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Table 1. Software and their IEQ assessment capabilities 

 

Software 

IEQ variable 

Thermal 

Comfort 

Visual 

Comfort 

Air 

quality 

Sound 

quality 

Ecotect        

Design 

Builder 
      

IES VE       

Contam       

Radiance      

Energy 

Plus 
      

Daysim      

TAS      

Source : Gyimah et al, 2019 
 

From Table 1, many softwares are developed for 

assessment of thermal and visual comfort has but sound 

and air quality has only one software. This could imply 

that more attention have been given to thermal and 

visual comfort. Further probe revealed softwares on 

sound such as Soundplan. Soundflow, SonArchitect, I-

SIMPA, Odeon, Bastian and Insul. The challenges in the 

usage of these sound softwares are their availability, 

applicability or user friendliness (Yang, 2013; Judicaël 

and Nicholas, 2012; Dlhy, 2013; Rodríguez-Molares, 

2011). 

 

To achieve IEQ, the building fabric should be able to 

modify the macro environment to give a suitable indoor 

micro environment (Gyimah et al, 2017). The building 

elements thus has a very important role to IEQ. Amongst 

the building elements, windows are known to have a 

very important link to all the four variables of IEQ 

(sound quality, lighting quality, air quality and thermal 

quality) (Gyimah et al, 2017). However, most of the 

simulation-based research on windows have been done 

towards either thermal or visual comfort. A few studies 

nonetheless, have been done only on air and sound 

quality. There is therefore the need to assess windows 

towards IEQ with a holistic approach. In view of this, 

the study aims to assess the performance of tropical 

office windows towards all the IEQ variables through 

simulation. 

 

The study focusses on office spaces because most 

organisations have their top decisions taken in such 

spaces. If these office spaces are IEQ deficient, there 

will be a grave limitation to occupants’ abilities for 

effectiveness, which consequently will results in 

unproductive outputs (Mahbob et al.,2011; Huizenga et 

al., 2006; Abbaszadeh et al., 2006 and Moschandreas, 

1998). Regrettably, these unproductive outputs tend to 

affect every facet of life when implemented. Knowledge 

of IEQ levels is a step for improved productivity and 

thus better economies. 

 

 

Methodology 

This study adopted mainly mathematical, statistical and 

computational means for data collection and analysis for 

results (testing) and thus quantitative. The study also 

adopted the case study approach to focus on offices in 

the tropics. Collis and Hussey (2009) defines case study 

as “a methodology that is used to explore a single 

phenomenon in a natural setting using a variety of 

methods to obtain in-depth knowledge”. This means the 

case study strategy accommodates multiple methods and 

helps to gain in-depth knowledge. Yin (2003) however 

has identified problems such as generalisation issues, 

lack of rigour and biases with the use of case studies. In 

view of this, it is proposed that case studies are done 

with construct validity, internal validity, external validity 

and reliability (Yin, 2003; Fellows and Liu, 2008). 

Therefore, the case study building for this research was 

chosen based on the fact that the building had the 

recommended features such as best orientation and 

location, predominant building and window enclosure 

and an impactful climatic region.   

Procedure 

Selection of the case study building was done first with 

building fabric details. the data required, mode of 

collection and sources of data are presented in Table 2. 

Table 2. Data collected for study 

Data Required Source of Data Collection Mode 

Environmental 

and climatic 

data of case 

study office 

location 

US Department 

of Energy, 

Library books 

and online 

journals and 

articles. 

Books from the 

library and online 

sources. 

Existing 

building design 

and orientation 

with material 

properties 

Building 

developers as 

well as the 

owners. Online 

search 

Field measure 

drawings, existing 

drawings, direct 

observation, 

interview guides 

Space (zone) 

properties and 

occupancy 

schedules 

The chosen 

office space and 

occupants in 

office space 

Interviews guides 

and direct 

observations 

 

Data collected was used to model and simulate the office 

space for results to be discussed. The different softwares 

used to simulate the different variables of IEQ are 

presented in Table 3. 

Table 3. Softwares used for the simulation 

IEQ Variable  Software used 

Lighting quality Ecotect with Radiance 

plug in 

Thermal quality Ecotect 

Air quality Contam 

Sound quality Sound Flow 
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The softwares used were chosen based on availability 

and applicability. The case study building was first 

modelled and simulated in Ecotect that had a radiance 

plug-in. Illuminance readings in lux were taken at a 

particular point on the desk in the office space. 

Simulated results are then compared to standards of 

lighting in Appendix 1. The model in Ecotect was also 

used to simulate thermal comfort levels using the 

monthly loads/discomfort, thermal neutrality and 

percentage of time. Figure 1 shows the modelled case 

study building in Ecotect. Contam was used to simulate 

air quality levels with the focus on CO2 levels. CO2 is a 

very important pollutant when analysing Indoor Air 

Quality (IAQ). This is because its major source is from 

human respiration and thus its levels are quite high with 

greater occupancies. CO2 can also be found on almost 

every standard relating to IAQ. Simulation for both 

daylighting and CO2 were done on the hottest day (23
rd

 

March) and coldest day (2
nd

 August). Daylighting 

simulations were done at the height of 750mm (height of 

an office table). For thermal comfort, Ecotect gives only 

monthly results and thus monthly values were simulated. 

Soundflow was used to simulate sound transmission 

losses through the particular window construction within 

the case study space. Ecotects sound analysis was not 

used because its scope was mainly on space acoustics 

and thus could not simulate the transmission of 

environmental noise into spaces. 

 
Figure 1. Modelled case study building in Ecotect. 

 

The Case Study Building 

The case study office space chosen for this study is the 

Kumasi Diocesan office block of the Methodist Church 

Ghana. This building was chosen because it met all 

requirements established in Gyimah and Amos-Abanyie 

(2018) as the predominant location, building fabric and 

window in the chosen tropical location. The predominant 

location for office is the Central Business District 

(CBD), building fabric is sandcrete with plaster and 

window is sliding window (Gyimah and Amos-Abanyie, 

2018). The Kumasi Diocesan office block of the 

Methodist Church Ghana is located at the heart of the 

city and thus in the CBD of Kumasi, Ghana. The exact 

location is latitude 6.701210 and longitude -1.622023. 

This office building is in close proximity to the new 

Kejetia Market, Kumasi Zoological Gardens, Kumasi 

Central Market and the Adehyeman Lorry station. Figure 

2 gives a satellite view of the building circled red with 

adjourning structures. 

 
Figure 2. Locational map of the Kumasi Diocesan Office 

Block of the Methodist Church Ghana (Source: Google 

maps, 2018) 

 

The building came into existence in the 1942s with other 

buildings and has been used as the Diocesan 

headquarters of the Kumasi Diocese. The building is 

currently L-shaped and covers an area of 495m
2
. One 

part of the L-shape is oriented North-South and the other 

East-West. It is 3 storeys high, has concrete floor slabs 

and parapet roof. All walls are made of plastered 

sandcrete blocks with sliding aluminium framed 

windows and wooden doors. Figure 3 presents a pictorial 

overview of building. 

 

 

 
Figure 3. The Kumasi Diocesan Office Block of the 

Methodist Church Ghana. 

There are three (3) window types (Fixed, awning and 

sliding) used in the building in Figure 8. However, the 

window of the chosen office space is sliding with 

aluminium frame and glass. The building runs on natural 

ventilation. The case study office space is located on the 

second floor of the building. The space is 5 meters long, 

3 meters wide and has 3 meters of room height. There 

are windows on both the north and south walls with the 

east and west walls adjourned to other spaces. Second 

floor plan with office space location highlighted yellow 

in Figure 4.  
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Figure 4. Floor plan with case study office space 

highlighted yellow 

The materials used for the building is mostly the basic 

standard materials used in Ghana for the construction of 

buildings. Due to the fact that the building was 

simulated, the thermal properties as well as the U-values 

needed to be known. Table 4 presents properties of the 

materials used in the case study building. 

Table 4. Building Material and their U-values. 

Building 

Component 

Material Used U-Value 

(W/m
o
C) 

Roof Aluminium Sheets 1.273 

Walls 150mm sandcrete wall 

with plaster 

1.785 

Window pane 6mm glass 5.798 

Window frame Aluminium frame 5.878 

Door Panel 25mm hard wood 3.196 

Door frame 50mm hard wood 2.848 

Floor 150mm concrete slab 

with 50mm screed. 

0.282 

 

 

 
Figure 5. General properties of the chosen office space 

in the case study building 

Zone or space properties used for the simulation are in 

Figure 5. Zone properties of the office space are 

presented for easy duplication of research. As in Figure 

5, internal design conditions have clothing as 0.6 

(trousers and shirt), humidity as 60%, air speed as 

0.3m/s and lighting level as 400lux. Occupancy and 

operation have the number of people as 2, activity as 

clerical (70W), sensible gain as 5, latent gain as 2W/m
2
, 

air change rate as 50 and wind sensitivity as 0.50. The 

new schedule under the occupancy and operation runs on 

weekdays only from 8am to 5pm. Results of simulation 

done with the parameters are presented and discussed. 

Results and Discussions 

Results on simulated IEQ variables and their respective 

softwares used as outlined in Table 3 are presented in 

Figures 6 to 9. 

 
Figure 6. Day lighting levels on 23

rd
 March and 2

nd
 

August 

Indoor day lighting levels on 23
rd

 March has 7 hours 

within the acceptable levels with 3 hours out of the 

acceptable levels (Figure 6). These values out of the 

acceptable levels are mainly realised between the hours 

of 11am and 1pm. Albeit some indoor day lighting levels 

for 2
nd

 August (11am to 1pm) is lower than readings for 

the 23
rd

 of March, the levels are outside the required. 

Generally, the window gives approximately 7 hours of 

within the required levels and 3 hours outside the 

required levels. This can be rated as 70% of visual 

comfort when using the existing sliding windows. These 

comfort and discomfort levels are determined using the 

green range in Figure 6 which from 300 to 500 Lux. 

These comfort levels are based on standards, which are 

in Appendix 1. The mornings and late afternoons mostly 

have visual comfort with readings between 370 and 500 

Lux. The readings outside the required levels are 

recorded around midday with readings as a high as 600 

Lux.  

Indoor CO2 levels in Figure 7 indicate that all readings 

for 2
nd

 August are lower than readings for 23
rd

 March. 

This could imply lower indoor CO2 when temperatures 

are colder. However, both readings for 23
rd

 March and 
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2
nd

 August fall within the acceptable limits of indoor 

CO2 levels. For both 23rd March and 2
nd

 August, CO2 

levels are quiet lower during the early hours of the day 

and rises as the day matures. The lowest CO2 reading of 

220ppm is recorded at 8am on the 2
nd

 of August and the 

highest at 5pm on the 23rd of March with 640ppm. The 

acceptable level of CO2 within a space as presented in 

Appendix 1and in green in Figure 7 is 1000ppm. 

Therefore, all values are within the acceptable limits. It 

can thus be concluded that, the existing sliding window 

performs well towards indoor air quality. 

 
Figure 7. Indoor CO2 levels on 23

rd
 March and 2

nd
 

August 

For thermal comfort within the office space without the 

use of any assistive mechanical ventilation, Figure 8 

demonstrates that there is thermal discomfort throughout 

the year.  This is due to the fact that the minimum 

Percentage Dissatisfaction recorded is in June with 

26.11% and the highest in October with 30.91%. On the 

thermal sensation scale (Appendix 1), 26% to 75% is 

considered +2 (Warm) and uncomfortable. The cases 

study office space thus needs improvements for better 

thermal comfort.  

 
Figure 8. Monthly Indoor thermal comfort  

 
Figure 9. Sound transmission losses through window. 

 

Sound transmission losses through the window, which is 

partially open, had a highest value as 7.861 decibels (dB) 

(Figure 9). The average environmental traffic noise 

levels according to the European Environmental Agency 

is 65 dB. Thus, a reduction of approximately 8dB will 

still make indoor sound quality very poor, as the 

maximum limit is 50dB. Apart from the infiltration of 

environmental noise, there would also be a certain level 

of sound with indoor activities and thus adding up to 

discomfort. In view of this, environmental noise should 

be reduced to the barest minimum. 

 

Conclusions 

The case study office space from the analysis performed 

well with Indoor Air Quality (IAQ) and had a partial 

performance towards Indoor Visual Comfort. Daylight 

Autonomy (DA) analysis can be done as further research 

for more detailed results of lighting discomforts. There 

were discomforts with thermal and sound quality. 

Comfort for all four variables of IEQ is not achieved. 

This study therefore concludes that single pane sliding 

windows used in tropical warm humid office space does 

not result in good IEQ. Further research is needed to 

improve upon the performance of thermal, sound and 

visual quality without compromising on the existing 

good performance. 
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Appendix 1 
Acceptable IEQ levels (Gyimah et al., 2019) 

Table 1: Thermal sensation scale with PPD% 

-3 -2 -1 0 +1 +2 +3 

Cold Cool Slightly 

cool 

Neutral Slightly 

warm 

Warm Hot 

Uncomfortable Comfortable Uncomfortable 

75-

100% 

26-

75% 

6-25% 0-5% 6-25% 26-

75% 

75-

100% 

 
Table 2: Indoor air pollutants concentration limits 

Pollutant Limit 

Carbon dioxide (CO2) 1000 ppm 

Carbon monoxide (CO) 8.6 ppm 

Volatile organic compounds (VOCs) 600 μg/m3 

Formaldehyde (CH2O) 100 μg/m3  

Particulate matter (PM10) 50 μg/m3 

Particulate matter (PM2.5) 25 μg/m3 

 

Table 3: Required lighting levels in office spaces 

Office task Required luminance level (lux) 

Filing, copying, circulation 300 

Writing, typing, reading 500 

Technical drawing 750 

CAD workstation 500 

Conference & meeting rooms 500 

Reception desk 300 

Archives 200 

 

Table 4: Office spaces and their indoor sound comfort levels 

Occupancy type Maximum allowable sound level per standard 

BS8233 AS2107 ASHRAE 

Private office 40 dB 50 dB 35 dB 

Meeting room 40 dB 40 dB 35 dB 

Open plan office 45 dB 50 dB 40 dB 
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