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Abstract 

Indoor environmental quality (IEQ) is co-determined by several environmental 

factors (thermal, indoor air, lighting, and acoustics). In this paper, a four-layer IEQ 

assessment model for university classrooms was proposed based on fuzzy 

comprehensive evaluation (FCE) methods. The assessment model was evaluated based 

on a survey with a sample of 224 respondents in selected eight university classrooms 

in Hong Kong. Besides, objective measurements were performed in each classroom. 

Several parameters were included, such as operative temperature, 𝐶𝐶𝐶𝐶2 concentration, 

illuminance level, and A-weighted background noise level in the measurements. Then 

a set of prediction formulas were proposed to illustrate the relationships between IEQ 

and the environmental factors. The analysis results showed that the quality of the 

thermal environment was the most essential factor in the indoor environment. The 

results also discussed the significance rankings of sub-factors based on the weightings 

calculated from the analytic hierarchy process (AHP). The methods can give proper 

suggestions to authorities to manage the appropriate treatment and improve the indoor 

environmental quality. It is also useful for indoor environment design based on the 

proposed prediction formulas. 
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1. Introduction 

Classrooms are essential places where most formal education takes place. A high 

level of indoor environmental quality (IEQ) is a crucial factor in achieving healthy 

environments in classrooms. Previous studies have shown that the IEQ had a significant 

effect on human comfort, productivity, effectiveness, health, and satisfaction [1-5]. It 

is necessary to investigate the impact of environmental factors on the assessment of 

indoor environmental quality. The latest review article proposed by Wu et al. [6] 

indicated that numbers of separate effects of single environmental factors were 

published in recent years. Each environmental factor independently contributed to 

indoor environments with different weighting factors [6]. For instance, the thermal 

environment [7-9], indoor air quality [10-11], lighting environment [12-14], and 

acoustic environment [15-17] on human perception were investigated by several 

researchers. 

Nevertheless, occupants are subjected not to a single but multiple environmental 

factor simultaneously [18]. Various combination of multiple indoor environmental 

factors affects their overall environmental satisfaction. Many studies have indicated 

that it is complicated to break down satisfaction into categories and determine how 

these categories contribute to overall satisfaction [19-21].  

Xue et al. [22] proposed a three-step structural approach of overall environment 

satisfaction in high-rise residential buildings in Hong Kong. The authors pointed out 

that the combined aspect of air quality and thermal comfort has the greatest influence 

on overall environment satisfaction in high-rise residential buildings, followed by 



luminous comfort and acoustic comfort. Kang et al. indicated a four-part IEQ 

assessment framework to investigate the impact of IEQ on work productivity in 

university open-plan research offices [23]. Merabtine et al. showed a method combined 

to build energy audit, thermal, and IAQ assessment of a school building in France [24]. 

The results indicate that increasing the indoor temperature by 1 °C can improve the 

indoor thermal sensation but lead to the increased energy consumption of about 12%. 

Yang and Moon [21] investigated the influence of multisensory interaction on acoustic 

comfort, thermal comfort, visual comfort, and indoor environmental comfort with three 

physical indoor environmental factors in South Korea. The authors concluded that the 

impact of acoustics on indoor environmental comfort was the greatest among the three 

environmental factors tested in the study. Ricciardi and Buratti [25] conducted a 

subjective and objective evaluation of thermal, acoustic, and lighting comfort in 7 

university classrooms in Italy. The authors indicated that lighting indexes are higher 

than thermal and acoustical ones. Kim and de Dear [26] estimated individual impacts 

of 15 IEQ aspects on occupants' overall satisfaction and distinguished linear and a non-

linear relationship between those aspects and overall satisfaction in various climate 

zones (Australia, Canada, Finland, and the USA). Frontczak et al. [27-28] found that 

noise level and sound privacy had a significant influence on office occupants' 

satisfaction. 

From the results mentioned above, one can see that the relative importance of the 

four key aspects differs from one country to another. Different regions, cultures, and 

population densities make it impossible to develop a valid general formula to evaluate 



IEQ. Hong Kong is one of the most densely international cities where attracts numbers 

of international students from all over the world. Besides, Hong Kong is a special city 

in which English is not the native language for students but the official educational 

language. These conditions may have an impact on students' evaluation of acoustic 

environment and speech intelligibility in classrooms. 

The objective of the present study is to propose an approach assessing the impact 

of IEQ aspects. This study also aims to understand how sub-factors such as temperature 

affect each IEQ aspect separately and to investigate the effects of the physical 

environment and residents' adaptive behaviors on their subjective feelings about those 

sub-factors. The analysis is based on response data collected from the spring semester 

in 2018 to the autumn semester in 2019 at Hong Kong Polytechnic University. The 

results also indicated the relationship between environmental factors and indoor 

environmental quality. This result is a fundamental work to quantify the overall indoor 

environmental quality. It will also be possible to find and benchmark the key parameters 

with these questionnaire data. Therefore, guiding the building-efficiency design 

without eroding occupants' satisfaction with the overall environment could be achieved. 

  

2. Literature review 

2.1 Thermal quality 

Thermal environment quality plays essential role in students' satisfaction and 

productivity in classrooms [29-31]. According to the recent review paper [32], the 

authors summarize that two different approaches for the definition of thermal comfort 



coexist at present, the rational or heat-balance approach and the adaptive approach. The 

most well-known prediction models based on the heat-balance approach are predicted 

mean vote (PMV) index and predicted percentage of dissatisfied (PPD) index [33]. 

PMV index is determined by six parameters, including four physical parameters (air 

temperature, relative humidity, air velocity and mean radiant temperature) and two 

human variables (clothing insulation and metabolic rate) [34]. Several adaptive analysis 

studies were proposed in recent years. Yao et al. presented an adaptive predicted mean 

vote model that took into account factors affected thermal comfort such as culture, 

climate, social, psychological, and behavioral adaptations [35]. Buratti and Ricciardi 

[36] found a linear correlation between the PMV versus the difference between the 

Equivalent Uniform Temperature and the Comfort Uniform Temperature. At the same 

time, a second-degree polynomial relation was obtained between the PPD versus the 

absolute value of the same difference between temperatures in Italian university 

classrooms. 

2.2 Indoor Air quality 

Indoor air quality (IAQ) is another environmental factor that has a high impact on 

indoor environmental quality as well as indoor productivity. A low degree of IAQ in 

classrooms can cause a reduction in students' productivity and even sick building 

syndrome (SBS) symptoms [37-38]. A multidisciplinary review [39] of 27 scientific 

papers on the effects of ventilation rates on health reveals that SBS symptoms can be 

effectively reduced when the ventilation rate is up to approximately 25 L/s per person. 

The previous study illustrated that 𝐶𝐶𝐶𝐶2 level was related to a greater respiratory 



symptomology in Portugal schools [40]. Xue et al. [22] put the air odor/freshness as the 

subjective option for occupants to evaluate the IAQ. They pointed out that air freshness 

had a strongly positive correlation with IAQ. In recent years, a high levels of 𝐶𝐶𝐶𝐶2 is 

still considered as the main factor affecting indoor air quality [77]. In a recent study, 

[78] a long-term monitoring 24-h mean indoor 𝐶𝐶𝐶𝐶2 concentrations for different regions 

of China were conducted by several researchers. The results pointed out that the mean 

indoor 𝐶𝐶𝐶𝐶2  concentrations remained almost the same throughout the seasons in 

southern China except in regions Yangtze River Delta and Wu Han & Chang Sha. Lei 

et al. proposed a comprehensive evaluation method for evaluating indoor air quality 

based on rough sets and a wavelet neutral network [79]. 

2.3 Lighting quality 

Lighting quality is a crucial factor for good indoor environmental quality in 

classrooms [41]. The assessments of the lighting quality are still the subject of 

discussion in the scientific studies. A previous study pointed out that lighting quality 

was often limited to the evaluation of the quantity of light (illuminance and luminance) 

[42]. Several researchers proposed assessment methods based on luminance values or 

illuminance values [43-44]. Leccese et al. [45] proposed an assessment model to assess 

the lighting quality in the educational room using the analytic hierarchy process (AHP). 

Natural lighting (daylight) and artificial lighting are the main light sources of indoor 

lighting. Xue et al. [46] studied the effects of daylight and human behavior patterns on 

luminous comfort in residential buildings in Hong Kong. The authors illustrated that 

the degree of luminous comfort was most affected by satisfaction with daylight. 



However, daylight is much more satisfying for human preference. The artificial lighting 

system provides a visual condition for the place where the natural lighting is lack of 

adequate levels or not available. Hong Kong is one of the world's most densely 

populated cities, with many skyscrapers and high-rise buildings. Actually, artificial 

lighting is widely used in Hong Kong university classrooms. Therefore, it is especially 

essential to assess the lighting quality in the current case study. 

2.4 Acoustic quality 

Some researchers have already pointed out the indoor acoustical environment is not 

only related to productivity, health anxiety, and comfort but also is related to acoustical 

quality in a space [47-50, 76]. Evidence showed that poor room acoustics, such as 

excessive noise and reverberation, reduced speech intelligibility in a classroom and 

interrupt verbal communication between teachers and students [51].  

The various existing types of noise becomes the major cause of annoyance in 

classrooms [52-54]. The authors [15] proposed an assessment model previously to 

evaluate the acoustical environment quality in university classrooms in Hong Kong. 

The model summarized almost all the noise sources that existed around the university 

affected the acoustical environment. Moreover, these adverse effects are caused by 

many acoustical factors. Yang and Mak [55] carried out the speech intelligibility test to 

middle school students (aged 12-16) and undergraduate students (aged 19-21). They 

found out the relationships between speech intelligibility scores and speech 

transmission index (STI) in Hong Kong. In lower STI conditions, Younger students 

performed worse and seemed to be affected easily by the acoustical environment. 



Besides, various studies indicated that reverberation time (RT), signal to noise ratio 

(SNR), sound insulation, and background noise level affected the acoustic comfort [56-

57]. 

 

 

 

3. Methodology 

3.1 Classrooms for investigation 

In this study, eight classrooms in the Hong Kong Polytechnic University (PolyU) 

were investigated. All the classrooms were well decorated with acoustical treatment 

(sound absorptive panels, sound absorptive ceilings, floor isolation mat, etc.). The 

criteria of the selected classrooms contained the following considerations. Firstly, the 

selected classrooms were located in different buildings with different dimensions and 

characteristics. These conditions aim to cover the whole university. Secondly, the classrooms 

were selected to cover both modes of the light source (Combination of natural and artificial or 

artificial) in university. Thirdly, several classrooms near the street were chosen to obtain the 

data under high background noise levels. Fourthly, the classrooms with different volumes, 

windows surfaces area, exposures, etc. were taken into account to have a significant sample. 

The descriptions of the classrooms are shown in Table 1. The characteristics are shown 

in the following table, including essential issues which may affect the indoor 

environmental quality. 

 



Table. 1 Classroom characteristics in case study 

Classroom 1 2 3 4 5 6 7 8 

Width[m] 7.12 7.84 12.11 8.91 11.26 8.17 16.53 10.99 

length[m] 7.18 3.85 7.68 6.85 7.84 5.54 12.65 8.22 

Height[m] 2.63 2.68 3.62 3.09 3.25 2.41 5.03 2.53 

Volume[m3] 134.45 80.89 336.68 188.59 286.90 109.08 1051.80 228.56 

No of seats 40 20 118 54 86 32 208 72 

No of doors 2 1 2 2 2 1 2 2 

No of 

windows 

3 3 5 3 4 2 0 0 

SA of 

windows[m2] 

9.79 7.78 18.12 9.79 13.06 6.53 0 0 

SA of doors 

[m2] 

4.2 2.1 4.2 4.2 4.2 2.1 4.2 4.2 

Light source Artificial and natural Artificial 

No of 

fluorescent 

tubes 

 

20 

 

8 

 

48 

 

28 

 

32 

 

12 

 

64 

 

40 

Type of artificial lighting Fluorescent tubes 

Materials of ceilings Metal perforated plates 

Materials of floors Loop pile tufted carpet 

Materials of surface walls Sidewalls: Painted concrete walls 



Front and rear walls: Wooden perforated plates 

Materials of windows Double glazing windows 

Building Services system HVAC 

 Where "No" denotes the numbers of each classroom facilities. "SA" denotes the surface 

area of each classroom facilities. 

  

3.2 Subjective Questionnaires and assessment method 

3.2.1 Questionnaire survey 

A pilot study with 300 respondents in 8 mentioned classrooms in PolyU participated 

in the questionnaire survey. A total of 273 questionnaires returned, out of 224 were 

valid (valid rate 82%). The valid results referred to the ones passed the consistency 

checking process. These participants include undergraduates, postgraduates, PhD 

students, and academic staff (assistant professors, associate professors, and professors). 

General information of respondents is given in Table 2. The surveys were conducted 

from September 2018 to June 2019. The participants were asked to compare every two 

factors of one main criterion and to give scale according to the importance. They were 

asked to answer the questionnaire according to their feeling in prescript classrooms in 

PolyU. These classrooms were selected in different buildings in PolyU. In terms of each 

criterion, participants can choose the evaluation score from the assessment system. 

They were told to answer each question independently.  

 

 



Table.2 General Information of respondents participated in the questionnaire survey 

Classification Gender Students  Staffs 

 Male Female Undergraduates Postgraduates PhD   

Number 135 89 116 92 12 4 

Proportion (%) 60.27 39.73 51.79 41.07 5.35 1.79 

Total 224 224 

  

3.2.2 Combined Fuzzy comprehensive evaluation (FCE) and analytic hierarchy 

process (AHP) method 

 In the real world, precise data on measurement indicators are tough to extract from 

human judgments. This is because human preferences encompass a degree of 

uncertainly, and decision-makers may very well be reluctant or unable to assign crisp 

numerical values to comparison judgments. Fuzzy comprehensive evaluation method 

(FCE) is a multi-layer comprehensive evaluation index system based on Fuzzy 

mathematics, which has been applied in various fields [58-61]. The analytic hierarchy 

process (AHP) leads from simple pairwise comparison judgments to priorities arranged 

within a hierarchy [62]. The AHP's crisp 9-point scale and synthesis of the relative 

weights are appropriate for calculating fuzzy sets, membership functions, and fuzzy 

members. The authors have proposed an assessment model to evaluate the acoustical 

environment quality using the FCE-AHP method [15]. In this study, a more complex 

multi-layer assessment model, including indoor environmental quality, is proposed.  

The FCE method involves five steps as following: 



The fuzzy multi-layer assessment model generally classifies those major factors 

affecting the overall assessment model into several subsets’ alternatives. Assuming the 

set of evaluation criteria 𝐶𝐶 = [𝐶𝐶1,𝐶𝐶2, …𝐶𝐶𝑛𝑛, ]. Since𝐶𝐶𝑖𝑖(𝑖𝑖 ∈ [1,2 …𝑛𝑛]) is composed of 

sub-criteria, 𝐶𝐶𝑖𝑖 = [𝐶𝐶𝑖𝑖1,𝐶𝐶𝑖𝑖2, …𝐶𝐶𝑖𝑖𝑛𝑛] 

The evaluation index set 𝑉𝑉 is composed of all evaluation indexes. 𝑉𝑉 is divided 

into subsets, i.e., 𝑉𝑉 = [𝑉𝑉1,𝑉𝑉2, …𝑉𝑉𝑘𝑘] which satisfy the following: 

⋃ 𝑉𝑉𝑖𝑖𝑘𝑘
𝑖𝑖=1 = 𝑉𝑉, 𝑉𝑉𝑖𝑖 ∩ 𝑉𝑉𝑗𝑗 = ∅,  𝑖𝑖, 𝑗𝑗 ∈ [1,2 …𝑛𝑛]. 

Next, assuming that the evaluation index set 𝑉𝑉 = [𝑉𝑉1,𝑉𝑉2, …𝑉𝑉𝑘𝑘]has 𝑛𝑛𝑖𝑖 evaluation 

indexes, the eigenvalue of 𝑛𝑛𝑖𝑖 evaluation matrix 𝑅𝑅𝑖𝑖 can be represented as follows, 

𝑅𝑅𝑖𝑖 =

⎩
⎪
⎨

⎪
⎧ 𝑟𝑟11

(𝑖𝑖) 𝑟𝑟12
(𝑖𝑖)  ⋯𝑟𝑟1𝑚𝑚

(𝑖𝑖)

𝑟𝑟21
(𝑖𝑖)  𝑟𝑟22

(𝑖𝑖) ⋯  𝑟𝑟2𝑚𝑚
(𝑖𝑖)

  ⋮      ⋮     ⋮     ⋮
𝑟𝑟𝑛𝑛𝑖𝑖1

(𝑖𝑖)   𝑟𝑟𝑛𝑛𝑖𝑖2
(𝑖𝑖) ⋯  𝑟𝑟𝑛𝑛𝑖𝑖𝑚𝑚

(𝑖𝑖) ⎭
⎪
⎬

⎪
⎫

 

Assuming that 𝐴𝐴𝑖𝑖 = [𝑎𝑎1(𝑖𝑖), 𝑎𝑎2(𝑖𝑖), … ,𝑎𝑎𝑛𝑛𝑖𝑖
(𝑖𝑖)] is the weighting coefficient evaluation 

matrix. 

The result set of a comprehensive evaluation is as follows, 

𝐵𝐵 = 𝐴𝐴 ° 𝑅𝑅 = (𝑏𝑏1, 𝑏𝑏2, … , 𝑏𝑏𝑚𝑚), 

where ° represent a kind of fuzzy operation symbol, the computational formula is 

 𝑏𝑏𝑗𝑗 = ∑ (𝑎𝑎𝑖𝑖𝑟𝑟𝑖𝑖𝑗𝑗)𝑛𝑛
𝑖𝑖=1  

 

In the current study, A four-layer overall indoor environmental quality assessment 

model (𝐶𝐶) is established in Fig.1. Each of these criteria is made up of some independent 

indexes.  

 



 

Fig 1 assessment model framework of indoor environmental quality 

 

As shown in Fig.1, the indoor environmental quality FCE-AHP assessment model 

consist of 4 main criteria. These 4 main criteria are including thermal quality (𝐶𝐶1), 

indoor air quality (𝐶𝐶2), lighting quality (𝐶𝐶3), and acoustic quality (𝐶𝐶4). 

Thermal quality (𝐶𝐶1) includes three sub-factors 𝐶𝐶11 𝑡𝑡𝑡𝑡 𝐶𝐶13. 𝐶𝐶11 represents the 

feelings of temperature for the subjects in the classrooms. 𝐶𝐶12 represents the feeling s 

of relative humidity for the subjects in the classrooms. 𝐶𝐶13 represents the effect of the 

clothing insulation for the subjects in the classrooms. 

Indoor air quality (𝐶𝐶2) includes three sub-factors 𝐶𝐶21 𝑡𝑡𝑡𝑡 𝐶𝐶23. 𝐶𝐶21 represents the 

feelings of natural ventilation conditions for subjects in the classrooms. 𝐶𝐶22 represents 

the feelings of air-conditioning ventilation conditions for subjects in the classrooms. 

𝐶𝐶23 is the feelings of the air freshness for subjects in the classrooms. 

Lighting quality (𝐶𝐶3) includes three sub-factors 𝐶𝐶31 𝑡𝑡𝑡𝑡 𝐶𝐶33. 𝐶𝐶31 represents the 

quality of the artificial lighting system in classrooms. This criterion includes four sub-



factors named 𝐶𝐶311 to 𝐶𝐶334. 𝐶𝐶311 is the illuminance level of the classrooms. 𝐶𝐶312 

is the illuminance uniformity of the classrooms. 𝐶𝐶313 is the feelings of uncomfortable 

glare for subjects in classrooms. 𝐶𝐶314 is the feelings of visual comfort for subjects to 

evaluate the artificial lighting system in classrooms. 𝐶𝐶32  represents the quality of 

natural lighting in classrooms. This criterion includes four sub-factors named 

𝐶𝐶321 to 𝐶𝐶324 . 𝐶𝐶321  is the amount of daylight. 𝐶𝐶322  is the hours of the daylight. 

𝐶𝐶323 is the sunlight reflection of the walls, blackboard, floors and desk in classrooms. 

𝐶𝐶324  is direct solar radiation in classrooms.  𝐶𝐶33  represents the quality of the 

performance of the fluorescent tubes in classrooms. This criterion includes four sub-

factors named 𝐶𝐶331 to 𝐶𝐶334. 𝐶𝐶331  is the color rendition in classrooms. 𝐶𝐶332  is 

the color temperature in classrooms. 𝐶𝐶333 is the color rendering index. 𝐶𝐶334 is the 

lighting power density of the fluorescent tubes. 

Acoustic quality (𝐶𝐶4) is determined by four evaluation indexes: the classroom 

facility(𝐶𝐶41), inside classroom noise(𝐶𝐶42), outside classroom noise(𝐶𝐶43), Interactive 

teaching(𝐶𝐶44). 𝐶𝐶41 represents the noise effects of the classroom facility. This criterion 

includes six sub-factors named 𝐶𝐶411 to 𝐶𝐶414. Acoustical properties (𝐶𝐶411): such as 

the acoustical design of walls and ceilings. Equipment (𝐶𝐶412): facilities includes data 

projector, projection screen, teacher's computer and network connection for students' 

computer and laptops. Classroom specification (𝐶𝐶413): this criterion is mainly referred 

to as the classroom size. Insufficient classroom space may influence students in daily 

education. Classroom architecture (𝐶𝐶414): such as shape and style of the classroom, 

the location of the classroom. All of these are important factors that affect students 



learning process and education quality. 𝐶𝐶42 is further determined by three alternatives. 

Heating Ventilation and Air conditioning (HVAC) system (𝐶𝐶421 ) are the primary 

sources of noise inside the classroom. The system includes air handlers and fans, 

acoustical treatment of ducts, returns, and diffusers. Besides, students' activity and 

interacting (𝐶𝐶422) can increase the noise level inside the classrooms. Besides, another 

factor that contributed to the noise inside the classroom is the lighting system (𝐶𝐶423). 

Corresponding to 𝐶𝐶42, noise sources outside the classroom (𝐶𝐶43) is another important 

criterion of the classroom acoustics. 𝐶𝐶43 is further considered by the following six 

criteria: traffic noise (𝐶𝐶431), noise generated from the neighboring classroom (𝐶𝐶432), 

noise from corridor, hallway, and lobby (𝐶𝐶433), the noise coming from surrounding 

playgrounds (𝐶𝐶434), mechanical equipment noise (𝐶𝐶435), noise generated from the 

nearby building (𝐶𝐶436). 

Universities aim to increase the effectiveness of teaching students so that the 

teaching methods and styles (𝐶𝐶44) play an essential role in classroom education. These 

teaching methods and styles mainly include practice work (𝐶𝐶441), group work (𝐶𝐶442), 

blackboard teaching (𝐶𝐶443 ) and multimedia techniques (𝐶𝐶444 ). Different ways of 

communication between students and speakers affect the different learning experiences. 

 

3.3 Objective experimental measurement 

 In order to measure the indoor environment variables, different kinds of 

instruments were used in the objective experimental measurements. The authors have 

already investigated the acoustic conditions in university classrooms and middle school 



classrooms [55]. However, other aspects, apart from acoustic conditions, need to be 

taken into account for evaluating overall indoor environmental quality in classrooms. 

In this work, the investigation is extended to analyze also the thermal, indoor air, and 

lighting quality environment. General information of instruments used in the 

measurements was shown in Table 3. 

 Table 3 Information of instruments in IEQ measurements 

IEQ aspect Parameter Instrument Unit Range Accuracy 

 

 

Thermal 

Temperature HOBO data logger °C -20-100 0.45°C 

 

Air velocity 

Dantec Low Air 

velocity Meter 

 

m/s 

 

0.05-5.00 

2% or 

0.02m/s of 

reading 

RH HOBO data logger % 0-100 5% 

IAQ 𝐶𝐶𝐶𝐶2 

concentration 

Telaire 7001 𝐶𝐶𝐶𝐶2  

sensor 

ppm 0-10,000 50ppm or 

5% of 

reading 

 

Lighting 

Illuminance 

level 

 

 

Luntron LX-101A 

lux 0-50,000 5% 

Illuminance 

Uniformity 

N/A 0.000-1.000 N/A 

 

Acoustic 

𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 B&K 2270 dB 0-123 1.5dB 

𝑇𝑇30 B&K 7841 Dirac s 0.02-100 N/A 

STI B&K 7841 Dirac N/A 0-1 N/A 



 In Table 3, "RH" denotes to relative humidity. "𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴" denotes to A-weighted Noise 

Continuous Equivalent Level. "𝑇𝑇30" denotes to Reverberation Time related to the decay 

from - 5 dB to - 35 dB. "STI" means Speech Transmission Index. 

 

4. Evaluation results of IEQ in university classrooms 

Refer to the multi-criteria assessment model (see Fig.1), a combination of the AHP 

method and the FCE method is employed to calculate the model. The AHP enables 

decision-makers to structure complex problems in a simple hierarchical form and to 

evaluate a large number of quantitative and qualitative factors systematically despite 

the presence of multiple conflicting criteria. The participants were asked to compare 

every two factors of one main criterion and to give scale according to the importance. 

Besides, respondents were asked about the quality of indoor environmental quality in 

PolyU. In terms of each criterion, students can choose an evaluation score from the 

assessment system. They were told to answer each question independently. They were 

arranged to complete the questionnaires in prescript classrooms. The statistical results 

of the results were shown in the following tables. 

Table 4. The subjective results of thermal and indoor air quality in classrooms 

 
Main 

Criteria 
Sub-criteria Excellent 

𝑉𝑉1 
Good 
𝑉𝑉2 

Medium 
𝑉𝑉3 

Poor 
𝑉𝑉4 

Very Poor 
𝑉𝑉5 

Thermal 
environment 
quality(𝐶𝐶1)  

Temperature 
(𝐶𝐶11) 

38 95 72 14 5 

Relative 
Humidity (𝐶𝐶12) 

23 106 58 31 6 

Clothing 
insulation
  (𝐶𝐶13) 

69 76 63 12 4 



Indoor Air 
quality 
(𝐶𝐶2)  

Natural 
ventilation 
condition 

(𝐶𝐶21) 

8 25 42 102 47 

Air-conditioning 
ventilation  

condition (𝐶𝐶22) 

88 53 51 22 10 

air freshness 
(𝐶𝐶23) 

27 76 72 36 13 

Table 5. The subjective results of lighting quality in classrooms 

 
Main 

Criteria 
Sub-criteria Excellent 

𝑉𝑉1 
Good 
𝑉𝑉2 

Medium 
𝑉𝑉3 

Poor 
𝑉𝑉4 

Very Poor 
𝑉𝑉5 

Quality of 
the artificial 

lighting 
system
 (𝐶𝐶31) 

Illuminance level 
(𝐶𝐶311) 

41 108 60 12 3 

Illuminance 
uniformity( 𝐶𝐶312

) 

12 92 66 43 11 

Uncomfortable 
glare (𝐶𝐶313) 

34 102 47 25 16 

Visual comfort 
(𝐶𝐶314) 

42 80 58 32 12 

Quality of 
natural 
lighting
 (𝐶𝐶32)  

Amount of 
daylight (𝐶𝐶321) 

12 32 77 66 37 

Sunlight 
reflection effects 

(𝐶𝐶322) 

53 86 52 18 15 

Direct solar 
radiation (𝐶𝐶323) 

55 43 82 35 9 

Performance 
of the 

fluorescent 
tubes (𝐶𝐶33)  

Color rendition 
(𝐶𝐶331) 

65 73 67 12 7 

Color temperature 
(𝐶𝐶332)  

106 66 30 21 1 

Color rendering 
index (𝐶𝐶333) 

 
102 

 
72 

 
36 

 
10 

 
4 

Lighting power 
density (𝐶𝐶334) 

 
103 

 
46 

 
42 

 
25 

 
8 

 

 

 

 



Table 6. The subjective results of acoustic quality in classrooms 

Main 
Criteria 

Sub-criteria Excellent 
𝑉𝑉1 

Good 
𝑉𝑉2 

Medium 
𝑉𝑉3 

Poor 
𝑉𝑉4 

Very Poor 
𝑉𝑉5 

 
The 

classroom 
facility
(𝐶𝐶41)  

Acoustical properties 
(𝐶𝐶411) 

141 65 12 4 2 

Equipment (𝐶𝐶412) 48 66 58 34 18 
Classroom 

specification (𝐶𝐶413) 
32 88 78 22 4 

Classroom 
architecture (𝐶𝐶414) 

42 150 18 12 2 

Inside 
classroom 

noise 
(𝐶𝐶42)  

HVAC system (𝐶𝐶421) 80 82 27 22 13 
Students' activity and 

interacting (𝐶𝐶422) 
182 31 12 1 0 

lighting system (𝐶𝐶423) 142 55 20 6 1 
 
 
 
 

Outside 
classroom 

noise 
(𝐶𝐶43)  

Traffic noise (𝐶𝐶431) 93 42 67 18 4 
Noise generated from 

neighboring 
classroom (𝐶𝐶432)  

168 46 10 0 0 

Noise from corridor, 
hallway, and lobby 

(𝐶𝐶433) 

 
100 

 
82 

 
36 

 
4 

 
2 

Noise coming from 
surrounding 

playgrounds (𝐶𝐶434) 

 
177 

 
12 

 
20 

 
10 

 
5 

Mechanical 
equipment noise 

(𝐶𝐶435) 

113 43 41 14 13 

Noise generated from 
the nearby building 

(𝐶𝐶436) 

98 79 26 12 9 

 
 

Interactive 
teaching

(𝐶𝐶44) 

Practice work (𝐶𝐶441) 106 49 42 23 4 
Group work (𝐶𝐶442) 89 65 44 23 3 

Blackboard teaching 
(𝐶𝐶443)  

52 76 48 42 6 

Multimedia 
techniques (𝐶𝐶444) 

99 53 45 18 9 

 

The results of 224 valid FCE questionnaires in every part of indoor environmental 

quality were summarized in Table 4-6. Besides, the AHP pairwise comparison results 

and weightings were shown in Table 7-15. Assuming that the evaluation index set: 



𝑉𝑉 = [𝑉𝑉1,𝑉𝑉2,𝑉𝑉3,𝑉𝑉4,𝑉𝑉5] =

["𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛𝑡𝑡", "𝐺𝐺𝑡𝑡𝑡𝑡𝐺𝐺", "𝑀𝑀𝐸𝐸𝐺𝐺𝑖𝑖𝑀𝑀𝑀𝑀", "𝑃𝑃𝑡𝑡𝑡𝑡𝑟𝑟", "𝑉𝑉𝐸𝐸𝑟𝑟𝑉𝑉 𝑃𝑃𝑡𝑡𝑡𝑡𝑟𝑟"],  

where "Excellent" refers to score more than 90, "Good" refers to score between 80 and 

90, "Medium" refers to score from 70 to 80, "Poor" refers to score from 60 to 70, and 

"Very Poor" refers to score up to 60. 

 

 

Table 7 Pairwise comparisons among thermal quality assessment 
 

 𝑶𝑶𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏 Weighting 
𝑶𝑶𝟏𝟏𝟏𝟏 1.00 1.62 1.23 41.24% 
𝑶𝑶𝟏𝟏𝟏𝟏 0.62 1.00 0.85 26.47% 
𝑶𝑶𝟏𝟏𝟏𝟏 0.81 1.18 1.00 32.28% 

 

Table 8 Pairwise comparisons among indoor air quality assessment 

 

 𝑶𝑶𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏 Weighting 
𝑶𝑶𝟏𝟏𝟏𝟏 1.00 0.43 0.70 20.94% 
𝑶𝑶𝟏𝟏𝟏𝟏 2.32 1.00 1.77 50.04% 
𝑶𝑶𝟏𝟏𝟏𝟏 1.43 0.56 1.00 29.02% 

 

Table 9 Pairwise comparisons among artificial lighting systems quality alternatives 
 𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏𝟑𝟑 Weighting 

𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 1.00 1.56 2.47 0.80 30.70% 
𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 0.64 1.00 1.62 0.54 20.04% 
𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 0.40 0.62 1.00 0.38 12.84% 
𝑶𝑶𝟏𝟏𝟏𝟏𝟑𝟑 1.25 1.84 2.65 1.00 36.42% 

 

Table 10 Pairwise comparisons among natural lighting quality alternatives. 
 𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 Weighting 

𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 1.00 0.48 0.65 20.87% 
𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 2.08 1.00 2.39 52.53% 
𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 1.54 0.42 1.00 26.61% 



 

Table 11 Pairwise comparisons among fluorescent tubes performance alternatives. 
 𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏𝟑𝟑 Weighting 

𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 1.00 0.34 4.75 2.38 26.84% 
𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 2.98 1.00 4.26 3.83 51.89% 
𝑶𝑶𝟏𝟏𝟏𝟏𝟏𝟏 0.21 0.23 1.00 0.35 7.11% 
𝑶𝑶𝟏𝟏𝟏𝟏𝟑𝟑 0.42 0.26 2.83 1.00 14.16% 

 

 

 

Table 12 Pairwise comparisons among three major criteria in lighting quality 
assessment 

 𝑶𝑶𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏 𝑶𝑶𝟏𝟏𝟏𝟏 Weighting 
𝑶𝑶𝟏𝟏𝟏𝟏 1.00 0.54 1.67 29.77% 
𝑶𝑶𝟏𝟏𝟏𝟏 1.85 1.00 2.44 50.92% 
𝑶𝑶𝟏𝟏𝟏𝟏 0.60 0.41 1.00 19.31% 

 

Table 13 Pairwise comparisons among classroom facilities alternatives 

 

 𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 𝑶𝑶𝟑𝟑𝟏𝟏𝟑𝟑 Weighting 
𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 1.00 3.26 4.39 2.56 50.59% 
𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 0.31 1.00 0.45 0.28 9.32% 
𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 0.23 2.22 1.00 0.52 14.48% 
𝑶𝑶𝟑𝟑𝟏𝟏𝟑𝟑 0.39 3.57 1.92 1.00 25.62% 

 

Table 14 Pairwise comparisons among inside classroom noise alternatives. 

 𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 Weighting 
𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 1.00 2.55 2.83 57.28% 
𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 0.39 1.00 1.25 23.33% 
𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 0.35 0.80 1.00 19.39% 

 

Table 15 Pairwise comparisons among outside classroom noise alternatives. 

 𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 𝑶𝑶𝟑𝟑𝟏𝟏𝟑𝟑 𝑶𝑶𝟑𝟑𝟏𝟏𝟒𝟒 𝑶𝑶𝟑𝟑𝟏𝟏𝟒𝟒 Weighting 
𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 1.00 0.27 0.36 0.49 1.25 1.96 9.74% 



𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 3.68 1.00 0.60 2.88 3.71 3.94 30.15% 
𝑶𝑶𝟑𝟑𝟏𝟏𝟏𝟏 2.76 1.66 1.00 2.08 2.86 2.91 29.54% 
𝑶𝑶𝟑𝟑𝟏𝟏𝟑𝟑 2.06 0.35 0.48 1.00 2.32 2.55 15.69% 
𝑶𝑶𝟑𝟑𝟏𝟏𝟒𝟒 0.80 0.27 0.35 0.43 1.00 0.83 7.57% 
𝑶𝑶𝟑𝟑𝟏𝟏𝟒𝟒 0.51 0.25 0.34 0.39 1.20 1.00 7.31% 

 

Table 16 Pairwise comparisons among interactive teaching alternatives.   

 𝑶𝑶𝟑𝟑𝟑𝟑𝟏𝟏 𝑶𝑶𝟑𝟑𝟑𝟑𝟏𝟏 𝑶𝑶𝟑𝟑𝟑𝟑𝟏𝟏 𝑶𝑶𝟑𝟑𝟑𝟑𝟑𝟑 Weighting 
𝑶𝑶𝟑𝟑𝟑𝟑𝟏𝟏 1.00 1.28 1.16 0.76 24.82% 
𝑶𝑶𝟑𝟑𝟑𝟑𝟏𝟏 0.78 1.00 0.83 0.44 17.58% 
𝑶𝑶𝟑𝟑𝟑𝟑𝟏𝟏 0.86 1.20 1.00 0.54 20.75% 
𝑶𝑶𝟑𝟑𝟑𝟑𝟑𝟑 1.32 2.25 1.85 1.00 36.85% 

Table 17 Pairwise comparisons among four sub-criteria of acoustic quality.   

 𝑶𝑶𝟑𝟑𝟏𝟏 𝑶𝑶𝟑𝟑𝟏𝟏 𝑶𝑶𝟑𝟑𝟏𝟏 𝑶𝑶𝟑𝟑𝟑𝟑 Weighting 
𝑶𝑶𝟑𝟑𝟏𝟏 1.00 1.33 1.79 1.52 33.55% 
𝑶𝑶𝟑𝟑𝟏𝟏 0.75 1.00 1.39 1.60 27.55% 
𝑶𝑶𝟑𝟑𝟏𝟏 0.56 0.72 1.00 1.22 20.31% 
𝑶𝑶𝟑𝟑𝟑𝟑 0.66 0.63 0.82 1.00 18.60% 

 

Table 18 Pairwise comparisons among four main criteria alternatives of IEQ   
 

 𝑶𝑶𝟏𝟏 𝑶𝑶𝟏𝟏 𝑶𝑶𝟏𝟏 𝑶𝑶𝟑𝟑 Weighting 
𝑶𝑶𝟏𝟏 1.00 1.88 1.36 1.15 31.77% 
𝑶𝑶𝟏𝟏 0.53 1.00 0.65 0.59 16.29% 
𝑶𝑶𝟏𝟏 0.74 1.54 1.00 0.82 23.86% 
𝑶𝑶𝟑𝟑 0.87 1.69 1.22 1.00 28.08% 

 

As the results are shown in Table 4-6, the normalized sub-criteria evaluation 

matrix of the thermal quality 𝑅𝑅1, the normalized sub-criteria evaluation matrix of the 

indoor air quality 𝑅𝑅2 , the normalized sub-criteria evaluation matrix of the lighting 

quality  𝑅𝑅31 − 𝑅𝑅33 , the normalized sub-criteria evaluation matrix of the acoustic 

quality 𝑅𝑅41 − 𝑅𝑅44. 

𝑅𝑅1 = �
0.170, 0.424, 0.321, 0.062, 0.023
0.103, 0.473, 0.259, 0.138, 0.277
0.308, 0.339, 0.281, 0.054, 0.018

� 



𝑅𝑅2 = �
0.036, 0.112, 0.187, 0.455, 0.210
0.393, 0.237, 0.228, 0.098, 0.044
0.121, 0.339, 0.321, 0.161, 0.058

� 

 

𝑅𝑅31 = �

0.183, 0.482, 0.268, 0.054, 0.013
0.053, 0.411, 0.295, 0.192, 0.049
0.152, 0.455, 0.210, 0.112, 0.071

 0.188, 0.357, 0.259, 0.143, 0.054 

� 

𝑅𝑅32 = �
0.054, 0.143, 0.344, 0.295, 0.165
0.237, 0.384, 0.232, 0.080, 0.067
0.245, 0.192, 0.366, 0.157, 0.040

� 

𝑅𝑅33 = �

0.290, 0.326, 0.299, 0.054, 0.031
0.473, 0.295, 0.134, 0.094, 0.004
0.455, 0.321, 0.161, 0.045, 0.018

 0.460, 0.205, 0.188, 0.112, 0.036 

� 

 

 

𝑅𝑅41 = �

0.629, 0.290, 0.054, 0.018, 0.009
0.214, 0.295, 0.259, 0.152, 0.080
0.143, 0.393, 0.348, 0.098, 0.018

 0.187, 0.670, 0.080, 0.054, 0.009 

� 

𝑅𝑅42 = �
0.357, 0.366, 0.121, 0.098, 0.058
0.813, 0.138, 0.054, 0.005, 0.000
0.634, 0.246, 0.089, 0.027, 0.004

� 

𝑅𝑅43 =

⎣
⎢
⎢
⎢
⎢
⎡
0.415, 0.188, 0.299, 0.080, 0.018
0.750, 0.205, 0.045, 0.000, 0.000
0.446, 0.366, 0.161, 0.018, 0.009
0.790, 0.054, 0.089, 0.045, 0.022
0.504, 0.192, 0.183, 0.063, 0.058
0.437, 0.353, 0.116, 0.054, 0.040⎦

⎥
⎥
⎥
⎥
⎤

 

𝑅𝑅44 = �

0.473, 0.219, 0.187, 0.103, 0.018
0.397, 0.290, 0.197, 0.103, 0.013
0.232, 0.339, 0.214, 0.188, 0.027

 0.442, 0.237, 0.201, 0.080, 0.040 

� 

 

  The pairwise comparison results of the thermal quality assessment were given in 

Table 7. 𝐴𝐴1 = [0.4124, 0.2647, 0.3228] is the weighting coefficient evaluation 

matrix calculated from AHP method for thermal quality. 



The result set of the comprehensive evaluation of thermal quality is as follows, 

𝐵𝐵1 = 𝐴𝐴1 ° 𝑅𝑅1= [0.1968, 0.4095, 0.2916, 0.0795, 0.0886] 

Similarly, the result set of the comprehensive evaluation of indoor air quality is: 

𝐵𝐵2 = 𝐴𝐴2 ° 𝑅𝑅2= [0.2393, 0.2404, 0.2464, 0.1910, 0.0828] 

The result set of the second hierarchy comprehensive evaluation of lighting quality 

is: 

𝐵𝐵31 = 𝐴𝐴31 ° 𝑅𝑅31= [0.1548, 0.4188, 0.2627, 0.1215, 0.0426] 

𝐵𝐵32 = 𝐴𝐴32 ° 𝑅𝑅32= [0.2010, 0.2827, 0.2911, 0.1454, 0.0803] 

𝐵𝐵33 = 𝐴𝐴33 ° 𝑅𝑅33= [0.4208, 0.2924, 0.1879, 0.0823, 0.0168] 

𝐵𝐵3 = �
𝐵𝐵31
𝐵𝐵32
𝐵𝐵33

� = �
0.1548, 0.4188, 0.2627, 0.1215, 0.0426
0.2010, 0.2827, 0.2911, 0.1454, 0.0803
0.4208, 0.2924, 0.1879, 0.0823, 0.0168

� 

 

 

The result set of the second hierarchy comprehensive evaluation of acoustic quality 

is: 

𝐵𝐵41 = 𝐴𝐴41 ° 𝑅𝑅41= [0.4068 0.4048, 0.1223, 0.0513, 0.0169] 

𝐵𝐵42 = 𝐴𝐴42 ° 𝑅𝑅42= [0.5171, 0.2895, 0.0992, 0.0625, 0.0340] 

𝐵𝐵43 = 𝐴𝐴43 ° 𝑅𝑅43= [0.5923, 0.2370, 0.1265, 0.0289, 0.0152] 

𝐵𝐵44 = 𝐴𝐴44 ° 𝑅𝑅44= [0.3982, 0.2630, 0.1995, 0.1122, 0.0271] 

𝐵𝐵4 = �

𝐵𝐵41
𝐵𝐵42
𝐵𝐵43
𝐵𝐵44

� = �

0.4068 0.4048, 0.1223, 0.0513, 0.0169
0.5171, 0.2895, 0.0992, 0.0625, 0.0340
0.5923, 0.2370, 0.1265, 0.0289, 0.0152
0.3982, 0.2630, 0.1995, 0.1122, 0.0271

� 



Referring to Table 12, the pairwise comparison and weighting coefficient 

evaluation of three sub-criteria of lighting quality was given. The weighting matrix 𝐴𝐴3 

is as follows: 

𝐴𝐴3 = [0.2977, 0.5092, 0.1931]. 

The overall lighting quality 𝐶𝐶𝑙𝑙 is: 

𝐶𝐶𝑙𝑙 = 𝐴𝐴3 ° 𝐵𝐵3= [0.2297, 0.3251, 0.2627, 0.1261, 0.0568] 

Referring to Table 17, the pairwise comparison and weighting coefficient 

evaluation of four sub-criteria of acoustic quality was given. The weighting matrix 𝐴𝐴4 

is as follows: 

𝐴𝐴4 = [0.3355, 0.2755, 0.2031,0.1860]. 

The overall acoustic quality 𝐶𝐶𝑎𝑎 is:  

𝐶𝐶𝑎𝑎 = 𝐴𝐴4 ° 𝐵𝐵4= [0.4733, 0.3126, 0.1312, 0.0612, 0.0232] 

Referring to Table 18, the pairwise comparison and weighting coefficient 

evaluation of four main criteria of indoor environmental quality were given. The 

weighting matrix 𝐴𝐴 is as follows: 

𝐴𝐴 = [0.3177, 0.1629, 0.2386,0.2808]. 

The result set of the first hierarchy comprehensive evaluation of IEQ is: 

𝐶𝐶 = �

𝐵𝐵1
𝐵𝐵2
𝐶𝐶𝑙𝑙
𝐶𝐶𝑎𝑎

� = �

0.1968, 0.4095, 0.2916, 0.0795, 0.0886
0.2393, 0.2404, 0.2464, 0.1910, 0.0828
0.2297, 0.3251, 0.2627, 0.1261, 0.0568
0.4733, 0.3126, 0.1312, 0.0612, 0.0232

� 

 

The overall indoor environmental quality 𝑄𝑄 is as follows: 

𝑄𝑄 = 𝐴𝐴 ° 𝐶𝐶= [0.2892, 0.3346, 0.2323, 0.1036, 0.0617] 



In order to calculate the value of the overall assessment of indoor environmental 

quality in classrooms. The authors defined the evaluation index "Excellent" refers to 

score 95, "Good" refers to score 85, "Medium" refers to score 75, "Poor" refers to score 

65, and "Very Poor" refers to score 30. These are mainly because the definition scores 

were depended on the mean score in the corresponding evaluation interval. Therefore, 

the evaluation index value set 𝑁𝑁 defines: 

𝑁𝑁 = [𝑁𝑁1,𝑁𝑁2,𝑁𝑁3,𝑁𝑁4,𝑁𝑁5] = ["𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑛𝑛𝑡𝑡", "𝐺𝐺𝑡𝑡𝑡𝑡𝐺𝐺", "𝑀𝑀𝐸𝐸𝐺𝐺𝑖𝑖𝑀𝑀𝑀𝑀", "𝑃𝑃𝑡𝑡𝑡𝑡𝑟𝑟", "𝑉𝑉𝐸𝐸𝑟𝑟𝑉𝑉 𝑃𝑃𝑡𝑡𝑡𝑡𝑟𝑟" 

𝑁𝑁 = [95,85,75,65,30] 

The overall assessment score of the IEQ in classrooms 𝑆𝑆 is: 

𝑆𝑆 = 𝑄𝑄 ∗ 𝑁𝑁′ = [0.2892, 0.3346, 0.2323, 0.1036, 0.0617]

⎣
⎢
⎢
⎢
⎡
95
85
75
65
30⎦
⎥
⎥
⎥
⎤

= 81.9274 

Therefore, the overall assessment score of IEQ in PolyU classrooms is 81.9274, 

which refers to "Good." 

Since the matrix 𝐴𝐴 represents and weighting coefficient evaluation of four main 

criteria of indoor environmental quality. Therefore, the indoor environmental quality 

satisfaction formula is as follows: 

𝐶𝐶 = 0.3177𝐶𝐶1 + 0.1629𝐶𝐶2 + 0.2386𝐶𝐶3 + 0.2808𝐶𝐶4         (1) 

5. Relationship between IEQ and environmental factors in classrooms 

 In addition to the subjective surveys in the university classrooms, objective 

measurements of indoor environmental quality were synchronously conducted in the 

mentioned classrooms. The detailed information about classrooms and instruments are 

shown in Table 1 and Table 3, respectively. During the survey, mean daily outdoor 



temperatures ranged from 24.6 °C to 35.8 °C. The outdoor relative humidity ranged 

from 60% to 86%. 

In order to obtain the relationships between indoor environmental quality factors 

with the residential satisfaction in university classrooms, the regression analysis model 

was employed in a separate field. Several single parameters in each area were selected 

for analyzing the relationships between the quantitative and qualitative results. The 

underlying data (mean value) of the selected eight classrooms were given in Table 19. 

The overall satisfaction scores in the following sections were normalized. The 

regression analysis calculation and graphical representation were performed using 

MATLAB R2016a. 

Table 19 The underlying data (mean value) of selected eight classrooms  

Classroom 1 2 3 4 5 6 7 8 

Temperature (°C) 19.0 20.9 23.1 25.0 25.9 27.0 28.1 30.0 

Air velocity (m/s) 0.53 0.42 0.40 0.39 0.36 0.38 0.44 0.45 

Relative humidity (%) 50.2 48.5 55.6 62.3 59.2 68.5 66.3 72.6 

𝐶𝐶𝐶𝐶2  concentration 

(ppm) 

971 1641 521 554 843 1183 449 640 

Illuminance level (lux) 533 309 919 645 505 458 724 239 

𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴  (dB) 59.5 54.9 60.2 46.6 54.9 49.9 51.7 57.9 

𝑇𝑇 30 (s) 0.41 0.35 0.49 0.43 0.41 0.39 0.64 0.44 

STI (-) 0.72 0.86 0.65 0.76 0.77 0.79 0.71 0.75 

 



 

5.1 Thermal environment 

 Referring to previous studies [63-65], the operative temperature, which was 

comprised of the convection and radiation, was used as an indoor temperature index. 

During the survey, the operative temperature in eight classrooms ranged from 19 °C to 

30 °C. The indoor relative humidity ranged from 48.5% to 72.6%. The air velocity was 

0.36m/s-0.53m/s. The overall satisfaction was calculated by subjective questionnaires 

in each classroom followed the mentioned FCE process (Sec. 4). The relationship 

between overall satisfaction (normalized) and the operative temperature was shown in 

Fig 3. 

 

Fig 3 Relationship between thermal satisfaction and operative temperature 

Fig. 3 shows the relationship between the overall satisfaction of the thermal 

environment and the operative temperature. Each dot represents the average value of 



the overall satisfaction at the corresponding operative temperature in a classroom. The 

corresponding polynomial equation is written as follows: 

𝑆𝑆𝑇𝑇 = −0.0117𝑡𝑡02 + 0.5979𝑡𝑡0 − 6.878 𝑅𝑅2 = 0.9509          (2) 

Where 𝑡𝑡0 denotes the operative temperature, 𝑆𝑆𝑇𝑇 is the normalized satisfaction of 

the thermal environment.  

For the proposed polynomial equation, F-test was used for verifying the validation. 

The results show there are statistically significant differences between the overall 

satisfaction of the thermal environment and operative temperature (F= 48.403, p<0.01). 

 

5.2 Indoor air quality 

Many kinds of environmental parameters are factors affects the indoor air quality, 

such as 𝐶𝐶𝐶𝐶,𝐶𝐶𝐶𝐶2,𝑁𝑁𝐶𝐶𝑥𝑥,  𝑁𝑁𝑁𝑁3,𝑎𝑎𝑛𝑛𝐺𝐺 𝐶𝐶 3 [66]. Since the target buildings in the current 

study are mainly used for studying and teaching. 𝐶𝐶𝐶𝐶2 As the primary production by 

the human body is considered the most essential factor for evaluating indoor air quality. 

During the survey, the concentration of 𝐶𝐶𝐶𝐶2 in eight classrooms ranged from 449 ppm 

to 1641ppm (parts per million). The relationship between overall satisfaction scores of 

IAQ and concentration of 𝐶𝐶𝐶𝐶2 are shown as follows: 

 



 

Fig 4 Relationship between indoor air satisfaction and 𝐶𝐶𝐶𝐶2 concentration  

Fig. 4 shows the relationship between the overall satisfaction of the indoor air 

quality and the operative temperature. Each dot represents the average value of the 

overall satisfaction at the corresponding concentration of 𝐶𝐶𝐶𝐶2 in a classroom. The 

corresponding linear equation is written as follows: 

𝑆𝑆𝐼𝐼 = −0.0004212𝐶𝐶𝐶𝐶𝐶𝐶2 + 0.9756 𝑅𝑅2 = 0.9652           (3) 

Where 𝐶𝐶𝐶𝐶𝐶𝐶2 denotes the concentration of 𝐶𝐶𝐶𝐶2, 𝑆𝑆𝐼𝐼 is the normalized satisfaction 

of the indoor air quality. 

For the proposed linear equation, F-test was used for verifying the validation. The 

results show there are statistically significant differences between the overall 

satisfaction of indoor air quality and 𝐶𝐶𝐶𝐶2 concentration (F=166.463, p<0.01). 

 

5.3 Lighting environment 



In the current study, the illuminance level is selected as the main parameter to 

evaluate the lighting environment in university classrooms. During the survey, the 

illuminance levels in eight classrooms ranged from 239 lx to 919 lx. The relationship 

between overall satisfaction scores of the lighting environment and illuminance level is 

shown as follows: 

 

Fig 5 Relationship between lighting satisfaction and illuminance level 

Fig. 5 shows the relationship between the overall satisfaction of the lighting 

environment and illuminance levels in university classrooms. Each dot represents the 

average value of the overall satisfaction at the corresponding illuminance level in a 

classroom. The corresponding polynomial equation is written as follows: 

𝑆𝑆𝐿𝐿 = −4.838 × 10−7𝐸𝐸2 + 8.179 × 10−4𝐸𝐸 + 0.4833    𝑅𝑅2 = 0.9465   (4) 

Where 𝐸𝐸 denotes the illuminance level of the classroom, 𝑆𝑆𝐿𝐿 is the normalized 

satisfaction of the lighting environment. 



For the proposed polynomial equation, F-test was used for verifying the validation. 

The results show there are statistically significant differences between the overall 

satisfaction of the lighting environment and illuminance level (F= 44.245, p<0.01). 

5.4 Acoustic environment 

The classrooms in the case study were well decorated with acoustical treatments. 

Materials of the side surfaces are given in Table 1. Therefore, the main parameter that 

affects the acoustical environment is the background noise level. The subject survey for 

assessing the acoustical environment is to evaluate the noise sources. During the survey, 

the background noise levels in eight classrooms ranged from 46.6 dB to 60.2 dB. The 

reverberation time (𝑇𝑇30) ranged from 0.36 to 0.51. The speech transmission index (STI) 

ranged from 0.71 to 0.88. The relationship between overall satisfaction scores of the 

acoustical environment and background noise levels are shown as follows: 

 

Fig 6 Relationship between acoustic satisfaction and background noise level 



Fig. 6 shows the relationship between the overall satisfaction of the acoustical 

environment and background noise levels in university classrooms. Each dot represents 

the average value of the overall satisfaction at the corresponding background noise level 

in a classroom. The corresponding linear equation is written as follows: 

𝑆𝑆𝐴𝐴 = −0.01216𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 + 1.452 𝑅𝑅2 = 0.7369               (5) 

Where 𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 denotes the A-weighted sound pressure level of the background noise, 

𝑆𝑆𝐴𝐴 is the normalized satisfaction of the acoustical environment. 

For the proposed linear equation, F-test was used for verifying the validation. The 

results show there are statistically significant differences between the overall 

satisfaction of the acoustical environment and background noise level (F=16.804, 

p<0.01). 

5.5 Relationship between indoor environmental quality and various parameters 

To obtain the final relationship between indoor environmental quality and various 

parameters, a combination equation is integrated from Eq. (2-5) to Eq. 1.  

𝐶𝐶 = 0.3177 × (−0.0117𝑡𝑡02 + 0.5979𝑡𝑡0 − 6.878) + 0.1629 ×

(−0.0004212𝐶𝐶𝐶𝐶𝐶𝐶2 + 0.9756) + 0.2386 × (−4.838 × 10−7𝐸𝐸2 + 8.179 × 10−4𝐸𝐸 +

0.4833) + 0.2808 × (−0.01216𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 + 1.452)          (6) 

The meaning of the above equation is that, in a particular indoor environment, the 

overall satisfaction of indoor environmental quality can be predicted by the four 

representative parameters. This is helpful for those authorities or architects as 

references in a design stage. Besides, the proposed assessment methods can be 

employed in other regions to evaluate the indoor environmental quality.  



5.6 The acceptable range of each environmental factor 

Referring to the China Standard GB 50019-2003, GB/T 18883-2002, GB 50034-

2004, and GBJ 118-1988 [66-69], each environmental factor is suggested to be at an 

acceptable range in buildings. The standards suggested that the acceptable range of 

temperature is between 22 °C and 28 °C for air conditioning in summer, the acceptable 

range of 𝐶𝐶𝐶𝐶2 concentration should be lower than 1000 ppm, the acceptable level of 

illumination is above 300 Lux, and the acceptable level of noise is below 50 dB. In the 

current paper, since the subject questionnaire is based on the FCE evaluation method, 

the acceptable option for respondents to select corresponds to "Medium." The 

corresponding satisfaction score is 70, which normalized 0.7 in the prediction formulas. 

Therefore, in this study, the acceptable range of temperature is between 23.3 °C and 

27.8 °C, the acceptable range of 𝐶𝐶𝐶𝐶2 concentration should be lower than 654.3 ppm, 

the acceptable level of illumination is above 329 Lux, and the acceptable level of noise 

is below 61.77 dB. 

 

6. Findings and discussions  

6.1 The significance of second hierarchy alternatives in the assessment model 

Referring to the mentioned 224 questionnaire survey, thermal environment quality 

is an essential factor for respondents in university classrooms. The next is acoustic 

environment quality, lighting environment quality, and indoor air quality, respectively. 

As for the second hierarchy criteria, the values of the column of the weightings related 

to the proposed IEQ model by multiplying weightings related to the criterion by the 



weighting of the quality of the alternative. The results are shown in the following bar 

chart. 

 

Fig 7 AHP results: bar chart of the second hierarchy criteria weightings 

Fig.7 illustrates the weightings of second hierarchy alternatives ranked related to 

the IEQ assessment model. These findings show that the temperature of classrooms, 

natural lighting quality in classrooms, and students' appropriate clothes are the most 

critical factors to affect the feelings of the respondents in university classrooms. The 

reason for these findings is that in Hong Kong, the temperature is always high, nearly 

all read round. Students and teachers care more about the temperature and their clothing 

inside classrooms. Besides, Hong Kong is one of the most densely populated cities; 

high-rise buildings are a common type of buildings, including university buildings. 

Therefore, the natural lighting condition in university classrooms is another essential 

factor for respondents.  

Furthermore, results also show that air freshness of the classrooms, the fluorescent 

tubes' performance, interactive teaching style, and natural ventilation conditions are 



with lower values of weightings in the questionnaires. The reasons for these findings 

are that classrooms at PolyU have a good quality of air freshness and fluorescent tubes. 

As for natural ventilation condition, it is mainly because that classrooms in Hong Kong 

are more rely on the HVAC systems. The interactive teaching style is acceptable for 

students so that it is not an essential factor in the survey. 

 

6.2 The sub-criteria alternatives evaluation results based on the maximum 

membership principle 

In the Fuzzy set theory, several defuzzification methods are included in consulting 

fuzzy problems. In the mentioned FCE evaluation model process, the weighted average 

method was employed in calculating the evaluation scores. The maximum membership 

principle is another defuzzification method, which is widely used for its simplify and 

intuition. The maximum membership principle is also known as the height method, 

which can be given by algebraic expression as:  

𝑀𝑀(𝑧𝑧∗) ≥ 𝑀𝑀(𝑧𝑧) 𝑓𝑓𝑡𝑡𝑟𝑟 𝑎𝑎𝐸𝐸𝐸𝐸 𝑧𝑧 ∈ 𝑍𝑍 

Where 𝑧𝑧∗  is the output point (defuzzified value). In the current study, the 

evaluation results of each sub-criteria are intuitive for users to analyze. For instance, in 

the acoustic environment assessment survey, "Excellent" was chosen in most sub-

criteria except for 𝐶𝐶412, 𝐶𝐶413, 𝐶𝐶414 and 𝐶𝐶443. These results can easily be considered 

to enhance the achievement of a high-quality acoustic education environment. In the 

lighting environment assessment survey, most respondents chose "Good" in assessing 

natural and artificial lighting system quality, "Excellent" in assessing fluorescent tubes' 



performance. However, the amount of daylight (𝐶𝐶321) and direct solar radiation (𝐶𝐶323) 

are less dissatisfied compared to other sub-criteria. These results are useful for 

improving the lighting environment for university authorities. The most interesting sub-

criteria in the FCE assessment survey is natural ventilation conditions in classrooms. 

Near half of the respondents (45.53%) selected "Poor" to express the dissatisfaction of 

the factor. While in the AHP comparison survey, they think it is less important than the 

other two factors for indoor air quality. The reason was mentioned in the formal part, 

that natural ventilation condition highly depends on the outdoor climate condition. The 

specific location of Hong Kong is classified as a Subtropical monsoon climate with 

high temperature and high relative humidity nearly all year round [70]. 

 

6.3 Comparison with other studies in prediction formulas 

In this paper, two parts of the prediction models are proposed. One is predicting 

overall satisfaction from the individual factor satisfaction. The other is introducing the 

prediction formulas to present the relationship between environmental factors and 

individual results. 

Various weightings schemes and different regression functions are the main factors 

in assessing the overall prediction formulas. A summary of the previous studies is 

shown in the following Table 20 for comparison. 

 

 

 



Table 20 Summary of prediction models with weighting schemes in previous 

studies 

Studies Respondents Analysis method Prediction model 

Cao et al. 

(2012) [64] 

500 respondents in 

Beijing and Shanghai 

Multivariate linear 

regression 

𝑆𝑆𝐶𝐶 = 0.0075 + 0.316𝑆𝑆𝑇𝑇 

+0.118𝑆𝑆𝐼𝐼 + 0.171𝑆𝑆𝐿𝐿 

+0.224𝑆𝑆𝐴𝐴 

Astolfi & 

Pellerey 

(2008) [57] 

852 students from 

secondary school in 

Turin (Italy) 

Pearson’s coefficient 

with overall 

satisfaction 

Renovated classrooms(702): 

𝑆𝑆𝑇𝑇: 0.5,𝑆𝑆𝐼𝐼: 0.32,𝑆𝑆𝐿𝐿:0.29, 𝑆𝑆𝐴𝐴: 0.39 

Nonrenovated classrooms(150): 

𝑆𝑆𝑇𝑇: 0.28,𝑆𝑆𝐼𝐼: 0.31,𝑆𝑆𝐿𝐿:0.25,𝑆𝑆𝐴𝐴: 0.5 

Fassio et al. 

(2014) [71] 

17 occupants in a 

university classroom 

in Roma (Italy) 

Multivariate linear 

regression 

𝑆𝑆𝐶𝐶 = 0.02𝑆𝑆𝑇𝑇 + 0.12𝑆𝑆𝐼𝐼 +

0.56𝑆𝑆𝐿𝐿 + 0.31𝑆𝑆𝐴𝐴 (9.45 am) 

𝑆𝑆𝐶𝐶 = 0.33𝑆𝑆𝑇𝑇 + 0.10𝑆𝑆𝐼𝐼 +

0.38𝑆𝑆𝐿𝐿 + 0.18𝑆𝑆𝐴𝐴 (11.30 am) 

Multivariate logistic 

regression 

𝑆𝑆𝐶𝐶 = 0.33𝑆𝑆𝑇𝑇 + 0.16𝑆𝑆𝐼𝐼 +

0.25𝑆𝑆𝐿𝐿 + 0.26𝑆𝑆𝐴𝐴 (9.45 am) 

𝑆𝑆𝐶𝐶 = 0.30𝑆𝑆𝑇𝑇 + 0.12𝑆𝑆𝐼𝐼 +

0.30𝑆𝑆𝐿𝐿 + 0.28𝑆𝑆𝐴𝐴 (11.30 am) 

Wong et al. 

(2008) [72] 

293 occupants in 

offices in Hong Kong 

Multivariate logistic 

regression 

1 −
1

1 + exp (15.02 + 6.09𝑆𝑆𝑇𝑇
+4.88𝑆𝑆𝐼𝐼 + 3.7𝑆𝑆𝐿𝐿 + 4.74𝑆𝑆𝐴𝐴)

 

Buratti et al. 

(2018) [74] 

928 university 

students in Italy 

Ask directly by 

students 

𝑆𝑆𝐶𝐶 = 0.35𝑆𝑆𝑇𝑇 + 0.3𝑆𝑆𝐿𝐿 + 0.35𝑆𝑆𝐴𝐴 



Ncube & 

Riffat 

(2012) [63] 

68 occupants in the 

UK 

Multivariate linear 

regression 

𝑆𝑆𝐶𝐶 = 0.3𝑆𝑆𝑇𝑇 + 0.36𝑆𝑆𝐼𝐼 

+0.16𝑆𝑆𝐿𝐿 + 0.18𝑆𝑆𝐴𝐴 

Chiang & 

Lai (2002) 

[73] 

12 experts in Taiwan  

AHP method 

𝑆𝑆𝐶𝐶 = 0.208𝑆𝑆𝑇𝑇 + 0.29𝑆𝑆𝐼𝐼 

+0.164𝑆𝑆𝐿𝐿 + 0.203𝑆𝑆𝐴𝐴 

+0.135𝑆𝑆𝐸𝐸𝐸𝐸𝐸𝐸 

The current 

study 

224 respondents in 

university classrooms 

in Hong Kong 

 

FCE method 

 

𝑆𝑆𝐶𝐶 = 0.3177𝑆𝑆𝑇𝑇 + 0.1629𝑆𝑆𝐼𝐼 

+0.2386𝑆𝑆𝐿𝐿 + 0.2808𝑆𝑆𝐴𝐴 

 

Several previous studies were listed in Table 20, in which different weighting 

schemes and regression functions were proposed. The data were collected in various 

regions and were analyzed using different statistical methods. Therefore, direct 

comparisons are difficult to be performed in results. However, it is possible to compare 

the weighting distributions in each study. In this paper, a new multi-criteria assessment 

model of indoor environmental quality criteria is developed based on the fuzzy 

comprehensive evaluation method (FCE). The analytic hierarchy process (AHP) 

method is used to calculate the weightings of the secondary layer index. The Multi-

criteria FCE method combines with the weightings from the AHP method. The fuzzy 

set theory deals with ambiguous or not well-defined situations. The AHP leads from 

simple pairwise comparison judgments to priorities arranged within a hierarchy. The 

AHP cannot take into account uncertainly when assessing and tackling a problem 



effectively. However, the fuzzy comprehensive evaluation method can 

tackle fuzziness or the problem of vague decision-making more efficiently by using 

fuzzy scales with lower, median, and upper values. This can be contrasted with the 

AHP’s crisp 9-point scale and synthesis of the relative weights using fuzzy sets, 

membership functions, and fuzzy members. 

It is found that the weighting of the thermal environment is higher than other factors 

in most studies. Similar results are also observed in the current study. As for the other 

indoor environmental factors, there are no conclusive results for indoor environment 

comfort rating in field studies.  

Table 21 Summary of prediction formulas for evaluating single parameters in 

previous studies 

Studies Respondents Prediction formulas 

Cao et al. 

(2012)[64] 

500 respondents in 

Beijing and Shanghai 

𝑆𝑆𝑇𝑇 = −0.0063𝑡𝑡02 + 0.287𝑡𝑡0 − 2.934 

𝑆𝑆𝐼𝐼 = −0.0002𝐶𝐶𝐶𝐶𝐶𝐶2 + 0.244 

𝑆𝑆𝐿𝐿 = −5 × 10−7𝐸𝐸2 + 0.0011𝐸𝐸 − 0.106 

𝑆𝑆𝐴𝐴 = −0.0230𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 + 1.382 

Ncube & Riffat 

(2012)[63] 

68 occupants in the UK 𝑆𝑆𝑇𝑇 = 100− 𝑃𝑃𝑃𝑃𝑃𝑃 

𝑆𝑆𝐼𝐼 = 100− 395𝐸𝐸−15.15𝐶𝐶𝐶𝐶𝐶𝐶2
−0.25

 

𝑆𝑆𝐿𝐿 = −176.16𝑋𝑋2 + 738.4𝑋𝑋 − 690.29 

{𝑋𝑋 = ln (ln (𝐸𝐸𝑀𝑀𝐸𝐸))} 

𝑆𝑆𝐴𝐴 = 100− 2(Actual𝑆𝑆𝑆𝑆𝐿𝐿 − Design𝑆𝑆𝑆𝑆𝐿𝐿) 



Wong et al. 

(2008) [72] 

293 occupants in 

offices in Hong Kong 

𝑆𝑆𝑇𝑇 = 1−
1

𝑃𝑃𝑃𝑃𝑃𝑃
 

𝑆𝑆𝐼𝐼 = 1 − 

0.5�
1

1 + exp�3.118− 0.00215𝐶𝐶𝐶𝐶𝐶𝐶2�

−
1

1 + exp�3.23− 0.00117𝐶𝐶𝐶𝐶𝐶𝐶2�
� 

𝑆𝑆𝐿𝐿 = 1 −
1

1 + exp(−1.017 + 0.00558𝐸𝐸) 

𝑆𝑆𝐴𝐴 = 1 −
1

1 + exp�9.54− 0.134𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴�
 

Guo et al. 

(2017) [75] 

76 participants in 

Qingdao (China) 

𝑆𝑆𝑇𝑇 = −0.1394𝑡𝑡02 + 6.843𝑡𝑡0 − 84.130 

𝑆𝑆𝐿𝐿 = −9.206 × 10−6𝐸𝐸2 + 0.012𝐸𝐸 − 4.573 

𝑆𝑆𝐴𝐴 = −0.101𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 + 6.011 

Huang et al. 

(2012)[65] 

120 subjects in offices 

in Beijing 

𝑆𝑆𝑇𝑇 = −0.0108𝑡𝑡02 + 0.5541𝑡𝑡0 − 6.8587 

𝑆𝑆𝐿𝐿 = −0.7844𝐼𝐼2 + 1.8886𝐼𝐼 − 0.497 

𝑆𝑆𝐴𝐴 = −0.0524𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 + 2.6 

The current 

study 

224 respondents in 

university classrooms 

in Hong Kong 

𝑆𝑆𝑇𝑇 = −0.0117𝑡𝑡02 + 0.5979𝑡𝑡0 − 6.878 

𝑆𝑆𝐼𝐼 = −0.0004212𝐶𝐶𝐶𝐶𝐶𝐶2 + 0.9756 

𝑆𝑆𝐿𝐿 = −4.838 × 10−7𝐸𝐸2 + 8.179 × 10−4𝐸𝐸

+ 0.4833 

𝑆𝑆𝐴𝐴 = −0.01216𝐿𝐿𝐴𝐴𝐴𝐴𝐴𝐴 + 1.452 

A summary of prediction equations among single environmental factors and 

satisfaction scores were listed based on several previous studies in Table 21 as the data 

in each study was collected in various regions and different satisfaction evaluation 

methods. Similarly, it is difficult to compare directly with the prediction equations. 



However, the acceptable range of every single factor can be discussed and compared. 

The acceptable range of the selected study is summarized in Table 22. 

 

Table 22 Summary of the acceptable range of environmental factors in previous 

studies 

Studies The acceptable range of environmental factors 

Temperature 𝑪𝑪𝑪𝑪𝑶𝑶𝟏𝟏 Illuminance 𝑳𝑳𝑨𝑨𝑨𝑨𝑨𝑨 

Cao et al. 

(2012)[64] 

22 ~ 28 °C ≤ 1200 𝑝𝑝𝑝𝑝𝑀𝑀 100~2100 𝐸𝐸𝐸𝐸 ≤ 58 𝐺𝐺𝐵𝐵 

Wong et al. 

(2008)[72] 

24 ~ 26 °C Not given ≥ 500 𝐸𝐸𝐸𝐸 ≤ 60 𝐺𝐺𝐵𝐵 

Guo et al. 

(2017)[75] 

21.5 ~ 27 °C Not given ≥ 250 𝐸𝐸𝐸𝐸 ≤ 65 𝐺𝐺𝐵𝐵 

Huang et al. 

(2012)[65] 

20.9 ~ 30.4 °C Not given ≥ 300 𝐸𝐸𝐸𝐸 ≤ 49.6 𝐺𝐺𝐵𝐵 

The current study 23.3 ~ 27.8 °C ≤ 654.3 𝑝𝑝𝑝𝑝𝑀𝑀 ≥ 329 𝐸𝐸𝐸𝐸 ≤ 61.77 𝐺𝐺𝐵𝐵 

It is found that the acceptable range of 𝐶𝐶𝐶𝐶2 concentration is obviously lower than 

the other studies and China Standard GB/T 18883-2002 mentioned in Sec. 5.5. As we 

know that if the concentration is too high, people may feel tired, and their productivity 

during work and study will be negatively affected. The low acceptable range of 𝐶𝐶𝐶𝐶2 

concentration may due to the small-sized university classrooms with full students are 

normal statuses in Hong Kong.  



7. Future work and limitations 

In the current study, several single environmental factors that were considered as 

the most significant impact on the corresponding sub-environmental satisfaction for 

analysis. The prediction formulas were proposed to describe the relationships between 

sub-environmental satisfaction and the single environmental factors in Eq (2-5). This 

idea roots in principal component analysis in the statistical field. The proposed method 

is an overall satisfaction assessment model for considering the most significant sub-

environmental factors. The influences of other environmental factors were not included 

in the proposed prediction formulas. Therefore, the integrated Eq. (6) for describing the 

relationship between indoor environmental quality and various parameters that were 

needed to add a correction. The limitations mentioned above are uncertainties in the 

prediction formulas. The proposed prediction models and prediction formulas can 

provide applicability to the indoor environmental quality assessments and the impact 

of IEQ aspects. Furthermore, the interplay between the environmental factors was not 

considered in the current work. It is a valuable project to study the multisensory 

interactions of the four environmental factors on indoor environmental quality. Besides, 

the relationships between indoor environmental quality and the combined effects of 

environmental factors should be investigated in future work. 

 

8. Conclusion 

In this study, indoor environmental quality (IEQ) is co-determined by various 

environmental factors (Thermal, indoor air, lighting, and acoustics). Studies of IEQ and 



human satisfaction assessment are needed to consider the comprehensive influence of 

the four mentioned factors. The proposed fuzzy comprehensive evaluation (FCE) 

models are efficient methods to avoid the overall satisfaction results absolutely 

influenced by one single factor in extremely poor conditions (i.e., too hot or too noisy). 

Besides, the weighting schemes are calculated by the analytic hierarchy process (AHP) 

layer by layer. These conditions are essential to transfer the qualitative questionnaires 

into quantitative data. Besides, a set of prediction formulas are proposed to illustrate 

the relationship between respondents' satisfaction scores and single environmental 

factors. These single environmental factors are selected as the representative 

parameters which have the most significant impacts on the corresponding sub-

environment (thermal, indoor air, lighting, and acoustics).  

The proposed model is effective for assessing the overall satisfaction in university 

classrooms. It can help authorities manage the proper treatment and improve the indoor 

environmental quality. The methods can also be employed in other universities and 

schools. It is also useful for indoor environment design based on the proposed 

prediction formulas. Besides, the proposed prediction models and prediction formulas 

are effective approach for assessing the impact of IEQ aspects. This study also aims to 

understand how sub-factors such as temperature affect each IEQ aspect separately and 

to investigate the effects of the physical environment and residents' adaptive behaviors 

on their subjective feelings about those sub-factors. The results also indicated the 

relationship between environmental factors and indoor environmental quality. This 

result is a fundamental work to quantify the overall indoor environmental quality. It 



will also be possible to find and benchmark the key parameters with these questionnaire 

data. Therefore, guiding the building-efficiency design without eroding occupants' 

satisfaction with the overall environment could be achieved. 
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