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Abstract: 

Providing a comfortable environment is the fundamental aim in Architecture. Comfortable 

environment mainly refers to a s~rrounding atmosphere which is thermally, acoustically, visually, 

aesthetically, etc. comfortable. Generally, environmental comfort is assessed by environmental 

factors such as thermal, acoustic and lighting comfort as wen as air quality. 

There is a significant relationship between various environmental factors and students' academic 

achievements as well as health. Providing all of the environmental factors together is critical as 

they are interrelated and could conflict if they are considered separately, if the conditions over the 

life of the building change or relaxed benchmarks are used for dcsign at the first stage. 

One of the conflicts reviewed in this study, is the contlict between acoustic comfort with thermal 

comfort and air quality. The hypothesis of this research is that the naturally ventilated schools 

located in noisy areas (e.g. Heathrow airport) suffer from overheating and poor air quality as wen 

as a high level of background noise during summer periods, due to the lack of ventilation. 

The main means of ventilation in majority of the UK schools is window. In noisy areas, the 

classrooms' occupants (i.e. pupils, teachers) often tend to shut windows especially during silent 

(such as exams and readings) and lecturing activities to reduce the aircraft noise, which varies from 

57dB-75dB according to their distances to Heathrow airport. On an average, as a result of closing 

windows. the aircraft noise drops by 15dB (depending on the type of windows) which makes the 

inside noise to be around 42dB-60dB. This is still higher than the 35dB which is the acccptable 

limit for background noise for primary school classrooms as recommended by Building Bulletin 

93. 

The results of the study show that closing of windows docs not reduce the high level of background 

noise to the recommended level, but it also has two negative impacts on classrooms' environmcnts. 

Firstly it increases the potential for classrooms to experience overheating and secondly it causes 

poor air quality due to the lack of sufficient ventilation in the building. 

Through objective and subjective surveys, classrooms' indoor temperatures, air quality and 

background noise levels were evaluated and it was learnt that those schools located in the vicinity 

of Heathrow Airport are more likely to experience overheating and poor air quality. This has a 

negative impact on students' achievements. 

In addition, one of the reasons for the lack of environmental comfort is the use of relaxed 

benchmarks. It is shown in this study that overheating and air quality benchmarks which are 

proposed by 'Department for Education and Skins' in Building Bulletin 101 and used to design and 

refurbish the UK schools, are relaxed benchmarks in comparison with the others which are 

proposed by different organisations and researchers. 

The overall findings of this thesis have been developed to draw the attention of school designers' to 

the current and future potential conflicts between the comfort factors in schools' classrooms. To 
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prevent failure, extra care should be taken to select a suitable ventilation strategy for providing both 

air quality and thermal comfort during summer for the schools located under the flights paths. For 

such schools, it would be beneficial that the solar gain and internal gain are controlled and heavy 

thermal mass materials are used for their construction. Such strategies would counterweigh the lack 

of ventilation in protecting the classrooms from overheating. 

It is also suggested that a further section is incorporated to the comfort section of the school design 

assessment tools to evaluate the current and future potential conflict between comfort issues in the 

schools' buildings. In addition, air quality and summer thermal comfort guidelines incorporated to 

BB 101 are recommended to be revised (similar to the acoustic section of this guideline which was 

revised to stringent benchmarks for background noise level and reverberation time and included in 

BB93). 
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Chapter 1: Introduction 
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1.1. Research motivation 

This section presents the author personal motivation to continue further studies in to the PhD level 

and to carry out this research. My experience of childhood education made me think about the 

problems that I experienced in the day to day school life, and how a school can be a pleasant and 

favourable place for children. Creating such a place for children became my predominant aim when 

I stepped in to the world of architecture which encouraged me to pursue this aim through the 

Master's degree and the PhD studies. 

Schools need to be well designed and satisfactory for their users. However, there are schools that 

have failed to meet these requirements. Based on my own experience from primary and secondary 

schools (from 7 to 18 years old), I always asked myself the following questions: 

Why did I feel so sleepy as soon as I walked into my classroom and did not like to listen to my 

teacher in some years? Why did my teacher write only to one side of the whiteboard (right or left) 

leaving the rest of the boards empty making it difficult for some students to see what was being 

written? Why were there always discussions among students about whether to close and/or open 

windows? Why did not I like my classroom and wished to move to other classrooms in some 

years? Why was the adjoining class so noisy that my teacher had to ask them to be quiet? Why was 

my classroom so gloomy that we had to tum on the lights as soon as we walked in? Why did the 

Physical Exercise (PE) lessons of other classes make us close the windows and pull the curtain 

down, etc. On the whole, why did I feel so comfortable in some classrooms and uncomfortable in 

the others? 

The university gave me the chance to review my questions and try to answer them in a more logical 

manner. My passion was always to design a space which could give me a comfortable feeling. 

My Masters studies in Energy and Sustainability in Architecture provided me with the opportunity 

to become deeply familiar with comfort factors such as thermal, lighting and acoustic comfort and 

air quality. 

There has always been a concern regarding the indoor environment of schools due the following 

two reasons (Heath et ai, 2000): 

1. Among other public buildings, schools have a higher possibility to have poor environmental 

conditions due to the shortage of funding allocated for operation and maintenance of the schools' 

facilities. 

2. Poor environments have a greater impact on children than on adults. For example, if a 

classroom has poor air quality, children are affected more than adults since they have a higher 

breathing rate as they are actively growing. In addition, the length of time that children spend at 
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school is higher than the time they spend at home. Consequently the schools' environments have 

significant effect, either immediate or lifelong on the students' health and performance. 

It has been argued that the school environment can affect a student's and a teacher's health, work, 

leisure, emotion and sense of place and belonging (Sanoff et aI., 200 1). The fact that an occupant's 

performance can be improved by providing good environmental conditions, and that environmental 

factors can have a higher impact on students of age 5 to 11 (Dudek 2(00) brought me to the 

opinion that the way I design a school can improve the students' performances. When consulted my 

supervisors, I came to the conclusion to focus my PhD topic on the conflict between comfort 

factors in primary school classrooms, which have negative impacts on classrooms' environments 

and consequently on academic achievements of students aged 5 to II. 

1.2. Background 

The constant goal of any building designer is to design in a way as to achieve high quality and 

energy efficient internal environment. Failure to achieve these goals may cause poor quality 

internal environment which has significant impact on reducing productivity of the occupants-and 

underperformi ng buildi ngs. 

High quality environment mainly refers to an environment which provides thermal, visual, acoustic 

comfort and have an adequate level of fresh air (air quality). 

According to the extensive research available, it can be seen that there is a significant relation 

between academic performance of students and the level of noise (Shield & Dockrell, 2003b), 

temperature (Limb, 1997), air quality (Coley et aI, 2(07) & light (8890, 1999). 

In particular, concern has been shown for students in the age range of 5 to II years old (Dudek, 

2(00). This can be attributed to the ease with which students in this age group can be easily 

distracted by overheating, poor lighting and different kinds of noise. Generally, academic 

performance could be increased if classrooms had good acoustics without any external noise, as 

well as comfortable temperatures. good air quality and good lighting design, especially for natural 

light. 

It is important that good environmental conditions are provided, especially to children, as they 

spend most of their time inside classrooms. Environmental comfort is a wide context. A 

comfortable space is provided by maintaining various comfort factors such as thermal comfort, 

lighting comfort, acoustic comfort and air quality, at an optimum level. It should be noted that 

providing all of these factors at an optimum level is a challenge, as these factors are interrelated 

and excessive care should be applied to eliminate the conflict between them. 

There have been some other researchers who have looked at other types of conflicts between 

comfort factors in classrooms which are as follows: 
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• Eduardo and Zanin (2004) studied the acoustic, thermal and luminous situations in classrooms 

in Centre of the Technological Education in Brazil. In this research, the luminous and thermal 

situations of various classrooms are examined. Also, one type of conflict between thermal and 

lighting comfort is reviewed. 

This research discovers that the classrooms which have the potential to receive a high amount of 

daylight (up to 300 lux) at the end of class (up to 3pm), even in winter with no need for artificial 

light, have a high risk of overheating as a result of direct solar gain during summer. This shows 

conflict between thermal comfort and lighting comfort and means that natural lights needs to be 

controlled and artificial light needs to be used. According to this research, light shelf is proposed to 

reduce the risk of overheating and also maintain lighting comfort. 

• Mumvic et al (2009) studies the winter indoor air quality, thermal comfort and acoustic 

performance of a newly built secondary school in England followed by BSF investment. Based on 

this research, complex interactions between thermal comfort, ventilation and acoustic comfort are 

studied. Two types of conflict are shown in the research: 

-Conflict between acoustic comfort and air quality: 

Schools in this research are equipped with mechanical ventilation to maintain indoor air quality. 

The noise level measured inside the classrooms when occupants were occupied with a quiet test, 

exceeded 50dB (A), which is far above the requirement proposed by BB93. This is due to the result 

of noise produced by the mechanical ventilation. This shows one kind of conflict between air 

quality and acoustic comfort. 

- Conflict between air quality and thermal comfort: 

The mechanical ventilation installed to provide good air quality, in this situation, should provide 

8Vs per person fresh air but produces cold droughts that have a negative impact on thermal 

comfort. 

Hence it can be seen that although the school has recently been built ba.,ed on the BSF programme, 

it does not provide a comfortable environment as the comfort factors conflict and interact with each 

other. 

1.3.0bjective 

The schools located in close proximity of airports, usually suffer from high noise pollution. There 

are a number of busy airports operating within or close to London, and therefore the neighbouring 

schools are not exempt from this problem. This research looks at one of the likely conflicts 

between comfort factors in primary school classrooms which are located under the Heathrow flight 

paths. The author posits this research to be the first of its kind in this field. 

The main hypothesis 0/ this research is that the noise pollution problem is not an isolated problem 

for the primary school classrooms but it usually leads to classrooms having further problems such 
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as overheating and poor air qUality. This may relate to the fact that the occupants in the schools 

located near noisy areas, close windows in order to prevent inside from a high level of noise and 

consequently diminish ventilation. By reduced natural ventilation, a classroom loses its opportunity 

to have fresh air to provide good air quality and cool down during a hot summer, and hence 

classroom may become overheated and stuffy. Thus, overheating and lack of fresh air may be two 

major problems in schools which are located near noisy areas such as airports. 

Due to the short duration of schools' summer term and high cost of air conditioning systems, most 

of the UK schools are not equipped with cooling systems. These schools mainly rely on opening 

windows in order to have fresh air and to cool down the classroom temperature during summer 

term. 

Apart from the lack of ventilation that may cause overheating problems, overheating can also be 

related to the lack of designers, concern regarding other factors such as the building's thermal 

mass, solar gain, internal gain and internal layout, all of which are examined in this research. 

Maintaining good environmental conditions and providing good comfort conditions are the 

fundamental factors that have always been considered in schools constructed from the Victorian era 

up to date. However, the requirements for comfort conditions have consistently been improved. In 

all school design tools and methods a section is allocated to the requirement of comfort factors ( 

explained in chapter 2 in detail). 

Despite comfort being the major consideration in school design guidelines, some classrooms may 

still fail to satisfy the occupants. This may be related to the unsuitability of guidelines and 

benchmarks, which are used to design and refurbish the school classrooms to provide satisfactory 

comfort conditions such as thermal comfort and air qUality. 

A wide range of guidelines regarding thermal comfort and air quality have been in place for a 

number of years. Building Bulletin 87 and 101 which were published in 2003 & 2006 respectively 

(by the Department for Education and Skill) are used for design and refurbishment of schools. In 

addition, CIBSE guide 'A' & 'B' make different recommendations regarding thermal comfort and 

air quality respectively. This study carries out a comparison between the guidelines proposed by 

CmSE and Building Bulletin in order to evaluate which recommends more relaxed (or stringent) 

benchmarks in terms of thermal comfort and air quality. The thermal benchmarks which are 

proposed by CIBSE and Building Bulletin are based on fixed thermal models. In a fixed thermal 

model, thermal comfort is related to fixed thresholds (i.e. 25°C when occupants will start to feel 

warm and 28°C when occupants will start to feel hot). 

There is another type of thermal model called adaptive model. In adaptive thermal model, thermal 

comfort is not related to fixed thresholds but to the outdoor temperature. In this study, a 

comparison is carried out between classrooms' indoor temperatures based on fixed and adaptive 

models with teachers' perceptions regarding thermal comfort, in order to assess the reliability of 
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adaptive and fixed thennal models. Therefore, other than answering the main hypotheses (see 1 to 

7 below), additional critical thinking issues (8 to 11) are also addressed in this study. 

The main questions which are answered in this thesis are as follows: 

- How occupants use the building to prevent the high level of aircraft noise from entering the 

classroom? 

- Do the occupants prevent external noise from entering their classroom at all the time? 

- Is there any relationship between occupants' activities and method of preventing external 

noise? Under which conditions (type of activities), the occupants are more likely to try to 

prevent external noise from entering classroom? 

- What is the relationship between occupant's method of preventing external noise and use 

of natural ventilation? 

Do the classrooms located under flight paths have a higher I lower risk of experiencing 

overheating and poor air quality? 

Critical thinking issues which are answered in this thesis are as follows: 

Are the thennal and air quality benchmarks proposed by Department for Education and 

Skill (BB 10 I) suitable benchmark? 

- Which overheating models (fixed/adaptive) better represent the occupants feeling? 

- Do the current thermal and air quality benchmarks (Building Bulletin 101) used to design 

and refurbish school need to be revised in order to provide better environmental conditions 

for school classrooms? 

If the answer to the above question is yes, which overheating guideline should be 

considered in order to revise the overheating benchmarks? 

1.4. Outline of methodology: 

First (main) hypothesis methodology: 

This research is a broad topic and looks at different problems at primary school classrooms. The 

first stage of this analysis is to choose correct samples. As the main hypothesis of the research is 

that the high level of background noise in areas which are exposed to aircraft noise causes 

problems for having natural ventilation through windows, schools are chosen from two different 

areas i.e. exposed to aircraft noise (Hounslow borough) and silent areas. The schools are selected 

from a list, received upon request from Hounslow Council, naming those exposed to aircraft noise 
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(Appendix l.A). Following authors' personal communication with Prof. B. Sheild, the schools 

located in silent areas are selected from a survey that was carried out her. In her survey, the 

background noise level for the schools located in Haringey and Islington boroughs were reordered 

and categorised to quiet and noisy (Appendix 1.B). Noisy schools are defined as tho e lying in the 

Heathrow noise map of above 57dBA and Quiet chools are defined a those lying out ide the 

noise map. 57 dBA i regarded as the limit to the noise impact of the airport because the percentage 

of people who found aircraft noi e to be unacceptable, increases from 15% at 57 dBA to around 

57% at 69 dBA ba ed on Aircraft Noise Index study (ANIS) in 1984 (peters et al. 2011). 

Therefore schools (con equently their classrooms) are simply categorised as noisy and quiet 

chools. Table 1.1 show aircraft noise level in each school. 
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Tablel.l : Aircraft noise level in each school 

As building factor uch a thermal mas and olar gain have impact on indoor temperature, in this 

study, it is tried to select schools from a wide range (in terms of thermal mass and solar gain) to 

provide a chance to as e their impact on indoor temperature. The schools range from Victorian to 

modem with different building specifications. 

In order to as e S the impact of aircraft noi e on cia room' indoor temperature and air quality as 

the main and first hypothe i of thi research, this tudy is conducted in three part as follow: 

Part 1: Impact of high level of aircraft noise on indoor temperature 

Part 2: Impact of high level of aircraft noi e on window status 

Part 3: Impact of high level of aircraft noise on air quality 

Each part contains a pecific methodology. The methodology employed uses an objective urvey to 

monitor temperature, air quality and noi e; and ubjective urveys. 

Three objective mea urements carried out in thi tudy are noise, thermal and air quality 

measurements during the hottest period of the UK academic year (June and Ju ly). The noise and air 

quality mea urement were carried out in 2008 and temperature measurement was carried out for 

three years: 2005, 2007 & 2008. 

Subjective survey were carried out by interview and que ti onn aires. Que tionnaire and interviews 

with teacher and students are suitable mean of evaluating classrooms' envirolmlental conditions 

as they spend more than half of their days in ide the e classrooms. 
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In the 'first stage' of the subjective survey, the perception of teachers and students about the 

classrooms' environmental conditions are questioned in various interviews, in order to investigate 

the significant problems that the teachers and students face. The results of the interviews are used 

to select a questionnaire to look at the problems in depth, in the following stage. Following the 

authors personal communication with 'Usable Buildings Trust', the research questionnaire was 

designed based on their questionnaires set out to evaluate the environmental conditions in offices. 

Their questionnaire is selected as this is the most successful and relevant (considering the fact that 

the activities in offices and schools are both sedentary) questionnaire that can reflect the occupants' 

feelings regarding internal environment [Usable Buildings Trust]. 

In the 'second stage' of the subjective survey, a questionnaire was designed to be filled out by the 

teachers. The teachers' perceptions of the classrooms are questioned in three sections, in order to 

enable a more in depth evaluation of the classrooms' conditions: 

- Section 1: Acoustic comfort, thermal comfort, air quality and lighting comfort. 

- Section 2: Overall comfort, productivity and health rate. 

- Section 3: The level of control on each of the comfort factors mentioned above. 

Ninety three (93) questionnaires were filled by the teachers and helpers of 70 classrooms of 15 

naturally ventilated schools in two consequent years of 2007 and 2008. Between one to seven 

questionnaires were filled out in each school. Unfortunately, the teachers of some schools refused 

to fill out the questionnaires both in 2007 & 2008. A sample of the questionnaire is found in the 

Appendix 2.1. 

In the 'third stage' of the subjective survey, two types of questionnaires were designed for two age 

groups based on the interviews that had been carried out with students: 

Group 1: Allocated to the students of years 1 to 3. Students of this group are incapable of filling out 

complicated questionnaires. Therefore, a simpler questionnaire was designed to be read out by 

teachers and the students were asked to express their views by raising their hands. Two hundred 

and forty (240) students from 9 classrooms of 2 naturally ventilated primary schools, located under 

the flight path, participated in this survey in the summer of 2008. Sample of the questionnaire can 

be found in Appendix 2.2. 

Group 2: Allocated to the students of years 4 to 6. A more inclusive questionnaire was designed for 

the students of this group in order to collate more accurate results. The teachers were asked to brief 

the students on the aim of the questionnaires and guide them through to completion. 

Four hundred and fifty (450) questionnaires were filled out by the students of 18 classrooms from 2 

free-running primary schools, located under the flight path in summer 2008. A sample of the 

questionnaire can be found in the Appendix 2.3. 
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The summary of the above data collection can be seen in the following table (Table 1.2): 
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As it was explained earlier, thi s study is carried out in 3 main areas (i.e. overheating, acoustic and 

air quality) each of which contain their own methodology as follows: 

1.4.1. Overheating methodology : 

Overheating is located in chapter 3 of this thesis. Part One concentrates on the impact of high 

aircraft noise on overheating. In summery the methodology of this part can be discussed around 

literature review, data collection and analysis of data. 

A) Literature review: A comprehensive literature review is conducted in this stage regarding 

different overheating criteria and different factors that can have an impact on indoor temperature. 

The overheating chapter looks at thermaJ comfort and overheating criteria and the methods of 

controlling solar overheating in primary school classrooms. 

B) Data collection: Two types of data are collected in thi s stage: objective data and subjective 

data: 

Bl- Objective data: Climate and buildings factors are the two main factors that have impacts on 

indoor temperature. Therefore data collection can be divided into three parts: indoor temperature, 

climate and building data. Each part is divided in various stages as follow: 

• Indoor tempter data: 

- Indoor temperature: The indoor temperatures of 70 classrooms from ] 8 primary schools were 

recorded every half an hour with the accuracy of 0.5 degree C using a device called 'I Button' 

during the hottest period of the academic year (Jun & July) for the years 2005, 2007 & 2008. The 
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indoor temperatures of 3 to 8 classrooms were recorded at each chool. The indoor temperatures of 

each classroom were recorded 1 to 3 times during these 3 years. Two thermometers were placed in 

each classroom at a suitable height and far from direct solar gain in order to have an accurate result. 

Indoor air temperatures of classrooms were measured with a special thermometer called I-Button. 

This device contains a computer chip which is covered in a rugged steel can with the thickness of 

] 6mm. The durable cover means that the updated information is portable and is safe if it is left in a 

rough environment (I-Button touch the future, 2(06). 

Figure 1.1: I-Button (Cited in I-Bunon touch the furure, 2006) 

Graph] .] Shows the average percentage distribution of indoor temperature in all schools in 
2005,2007 and 2008. 
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Graph 1.1 : Average percentage distribution of indoor temperature in all school in 2005. 2007 and 2008. 

• Building data: 

In order to assess the share of bui lding impact on indoor temperature in each classroom, solar gain 

should be ca lculated and thermal mass should be asse sed. 

- Solar gain calculation: Solar gain refers to the increa e in temperature ru a result of solar 

radiation. The amount of olar gai n (as one of the factor that has an impact on indoor temperature) 

in each classroom depends on the fo llowing factor: orientation, area of window, cia rooms' 

di mension (i.e. wi ndow area, fl oor area), type of shading and possible over hadowing (CIBSE 

TM36, 2(06). Each ori entation has a pecific olar irradiance that can be found in CIBSE Guide A. 

Tn this guide, the design 97.5 percenti le of beam and diffuse irradiance olar data on horizontal and 
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vertical surfaces for London are shown for a 12 month period from sunrise (3:30 am solar time) to 

sunset (20:30 solar time) at hourly intervals (Appendix 3). It should be noted that only the data for 

June and July are used in this study. It should be considered that the solar irradiance data available 

in this guide is the 'maximum potential solar irradiance' for the peak day of each month under clear 

sky. The amount of solar gain that is calculated based on 'maximum potential solar irradiance' is 

maximum solar gain that a classroom could receive on each day during month of June and July. 

- Thermal mass evaluation: Thermal mass is the ability of material to store heat. In order to study 

thermal mass (as one of the factor that have impact on indoor temperature), date of construction, 

construction material and detail and the percentage of each material for external walles), internal 

wall(s), ceiling and floor are asse sed for each classroom . 

• Climate data: 

Climate conditions: This can be discussed around outdoor temperature and solar irradiance. 

- Outdoor temperature: One of the climate factors that have an impact on indoor temperature is 

outside temperature. For thi reason, the outdoor temperature were collected from Weather 

Underground Website (2008) which how the outdoor temperature in half hourly interval . The 

Heathrow Station was cho en for outdoor temperature. The outdoor temperatures were collected 

from this website for June and July of 2005, 2007 & 2008. Daily outdoor temperature for the 

duration of study are summari ed in the following three graphs. 
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Graph 1.2: Daily outside temperature in June and July 2005 

11 



35 

... 25 

~ 
~ 20 .... 
~ o 

15 

35 

I ! 

Graph 1.3: Daily outside temperature in June and July 2007 
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Graph 1.4: Daily outside temperature in June and July 2008 

_ Solar irradiance: One of the climate factors that have an impact on indoor temperature is solar 

irradiance. Maximum potential solar irradiance on different surfaces (vertical and horizontal ) for 

the peak day of each month can be found in CIBSE Guide A and can be used to calculate the 

maximum potential solar gain considering window area, orientation, room area, shading and 

overshadowing on each surface. Solar irradiance is in the form of beam and diffuse irradiance. 

The sum of beam and diffuse solar irradiances is calJed global solar irradiance. Sum of the global 

solar irradiance for a day is called daily global solar irradiance. GeneralJy, the metrological offices 

around the world (e.g. Met Office), only record the 'dai ly global solar irradiance' on horizontal 

surfaces which vary according to the sky condition (cloudy or sunny). 

Various compljcated methods are proposed to convert the actual daily soLar irradiance on 

horizontal surfaces to vertical surface. In this study the actual solar irradiance on horizontal 

surfaces is obtained from the UK Met Office for the duration of study which can be found from 

table 1.4. 
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Radlallo n - Radia t ion - Radlallo. - Radiation - Radiation - Radia tion -

2008 Dale 
Dally global DaUy ~Iobal 

2007 Dote 
Dally globol Dally ~Iobal 

2005 Dale 
Dally g lobel DaUy g lobal 

amount amount lI1lOunt anlOunt amount amount 
(KJhn') (\\1m' ) (KJ /m') (\\hn') (KJ /m') (\\Im' ) 

Mon 09106/2008 26911 7475 Mon 11106/2007 10990 3OS3 Wed 1510612005 13311 3698 

Tue 10106/2008 23640 6S67 ue 12/06/2007 18697 5194 ~u 16/06/2005 7833 2176 

Wed 11106/2008 17962 4989 twe d 13106/2007 21927 6091 Fri 17/06/2005 18730 5203 

Thu 12/06/2008 15025 4174 tThu 14106/2007 12374 3437 Sat 18106/2005 28214 7837 

Frl 13106/2008 21961 6100 Fri 15/06/2007 18457 5127 Sun 19106/2005 29475 8188 

Sat 1410612008 21955 6099 Sat 18106/2007 18202 SOS6 Mon 20106/2005 17820 4950 

Sun 15/06/2008 22828 6341 Sun 17/06/2007 17681 4911 ue 21 /06/2005 27043 7512 
Mon 18106/2008 24194 6721 Mon 18106/2007 13449 3736 Wed 22106/2005 28241 7845 

lTue 17/06/2008 23251 6459 ue 19106/2007 22477 6244 Thu 23106/2005 24918 6922 

Wed 18106/2008 11181 3106 twed 20106/2007 23995 666S Frj 24106/2005 19420 5394 

tThu 19106/2008 25986 7218 Irhu 21106/2007 20768 5769 Sat 25/06/2005 4156 1154 

Frl 20106/2008 15501 4306 Frf 22106/2007 14999 4166 Sun 26106/2005 18344 5096 
Sat 21 /06/2008 7003 1945 Sat 23106/2007 14928 4147 Mon 27106/2005 28035 7788 

Sun 22106/2008 26884 7468 Sun 24106/2007 9563 2656 ue 28106/2005 23264 6462 

Mon 23106/2008 27376 7604 Mon 25/06/2007 13617 3783 Wed 29/06/2005 17714 4921 

Tue 24'0612008 23719 6S89 ue 26/06/2007 18390 51~ Irh u 30106/2005 7587 21~ 

Wed 25/06/2008 23147 6430 Wed 27106/2007 15097 4194 Frl 0110712005 14829 4119 

Thu 26/06/2008 24329 6758 hu 28106/2007 17700 4917 Sat 0210712005 7048 1958 

Frl 27/06/2008 14233 3954 Fri 29/06/2007 20496 5693 Sun 03107/2005 1()4.41 2900 

Sat 28106/2008 26700 7417 Sat 30106/2007 5745 1596 Mon 0410712005 17642 4901 

Sun 29/06/2008 18598 5166 un 01 /07/2007 20123 5590 ue 0510712005 11887 3302 

Mon 30106/2008 26511 7364 Mon 0210712007 14388 3997 Wed 06/07/2005 14512 4031 

Tue 01107/2008 29702 8251 ue 03107/2007 17297 4sa; Thu 07107/2005 11511 3198 

Wed 02107/2008 11138 3094 Wed 04/07/2007 17565 4879 Frl 0810712005 10615 2949 

Thu 03107/2008 16987 4719 TIlu 05/07/2007 13660 3794 Sat 09107/2005 12368 3436 

Frf 04'07/2008 25285 7024 Frf 06/0712007 15053 4181 Sun 10107/2005 27373 7604 

Sat 0510712008 20826 578S at 07107/2007 2658S 738S Mon 1110712005 24047 6680 
Sun 06/07/2008 11043 3068 un 08107/2007 25572 7103 ue 1210712005 27107 7530 

Mon 07107/2008 12697 3527 Mon 09107/2007 20624 5729 Wed 13107/2005 23003 6390 

Tue 0810712008 20490 5692 ue 10107/2007 14794 4109 Thu 14107/2005 25534 7093 

Wed 0910712008 5m 1604 Wed 11107/2007 13948 3874 Fri 15107/2005 20563 5712 

Thu 10107/2008 18483 5134 Irh u 12107/2007 11592 3220 5at 16/07/2005 27272 7576 

Fn 1110712008 17638 4899 Fri 1310712007 14036 3899 Sun 17107/2005 27914 n54 
Sat 12/07/2008 15025 4174 at 1410712007 19898 5527 Mon 18107/2005 21179 5883 
Sun 13'0712008 22327 6202 lSun 15/07/2007 13687 3802 ue 1910712005 18237 5066 

Mon 14107/2008 21486 5968 Mon 16/07/2007 17022 4728 Wed 2010712005 25765 7157 

Tue 15/07/2008 18522 5145 ue 17/07/2007 20439 5678 Thu 21 /07/2005 19844 5512 

Wed 16107/2008 16939 4705 Wed 1810712007 21915 6088 Fri 22107/2005 11426 3174 

Thu 17/07/2008 7566 2102 hu 19107/2007 15528 4313 Sat 23107/2005 9500 2639 

Fri 1&07/2008 7706 2141 Fri 2010712007 12732 3537 Sun 24107/2005 7565 2101 

5at 19107/2008 19625 5451 Sat 21 /07/2007 17360 4822 Mon 2510712005 7415 2060 

Sun 2010712008 17515 486S Sun 22107/2007 23148 6430 Tue 2&07/2005 13250 3681 

Mon 21 /07/2008 23864 6629 Mon 2310712007 5629 1564 We d 27/07/2005 3016 838 

Table 1.3: Actual daily solar irradiance' on hori zontal surfaces (received from UK Met Office) 

B2- Subjective data: A ubjective survey i aJso carried out in order to test the re uIts which are 

achieved from the objective survey. As a part of the teachers' que tionnaires, teachers were a ked 

to rate different environmental noise ources (e.g. aircraft, lorrie , cars etc.) and thermal comfort. In 

the que tionnaires, teachers were reque ted to rate thennal comfort and different noise sources 

level from I to 7 a follow : 

13 



_from ca .. Toolitle 

_from ncrolt Toolitle 

Nolle from Lomts Toolitle Too muc:I1 

_from BUHI Toolitle I' L L L I' L 17 I Too muc:I1 

NoIse from Rahay Toolitle [ J i LILT] Toomuc:l1 

NoiHfrom OIlIer Toolitle LLIli ! I J Too muc:I1 

Thermel comfort I.JncoIm>IIIblel' 1 r r r r J l~ 

Figure 1.2: Part of questionnaire 

C) Analysis: 

The analysis based one objective data: To study the impact of high levels of aircraft noise on 

indoor temperature, comparisons are carried out between the indoor temperatures (which are 

assessed based on different overheating criteria) of classrooms with similar properties (i.e. thermal 

mass, solar gain potential) with the same climate conditions (i.e. on days which have simi lar solar 

irradiance and outside temperature) but located either in noi sy or quiet areas. 

The analysis based one subjective data: Regression analysis is carried out between teachers' 

perceptions regarding environmental noise and thermal comfort in schools. 

1.4.2. Acoustic Methodology 

Acoustic study (located in chapter 4 of the research) concentrates on the impact of high aircraft 

noise on occupants' reactions toward high level aircraft noise. In summery the methodology of this 

part can be di scussed around literature review, data collection and analysis of data. 

A) Literature review: A comprehensive literature review is conducted in this stage regarding the 

requirements of acoustic comfort in school classrooms. In literature review, the factors that can 

have negative impacts on acoustic requirements inside a classroom are discussed. 

B) Data collection: Two types of data are collected in this stage: objective data and subjective 

data: 

B 1- Objective data: In order to assess the relation between aircraft noise level and occupants' 

reactions toward windows, data should be collected in three tages: Activity noise measurement, 

Aircraft noise measurement and recording the window status when occupants are occupied with 

different activities. 

- Activity noise measurement: The level of noise that students produce during different activities 

is measured on the days that the level of outside noise is negligible (i.e. when aircraft paths are 

diverted or when there is no di sturbance from playgrounds or communal halls). For the purpose of 

the noise level study, the activities carried out in each classroom are divided to the following 
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categories: 'Activity 1: Silent', 'Activity 2: One person speaking', 'Activity 3: Individual' and 

'Activity 4: Group'. The activity noise measurements were carried out in seven classrooms (Y2-

Y6) of two primary schools within close proximity to Heathrow Airport, for nine days in June and 

July 2008. The monitoring was carried out for a day or more. 

- Aircraft noise measurements: In order to investigate the level of aircraft noise inside 

classrooms, courses of 30 minutes noise measurements were carried out when the schools were un

occupied, both when the windows were open and closed. The aim is basically to find out how 

closing a window would be of help in attenuating the aircraft noise inside a classroom. According 

to Building Bulletin 93, the background noise level should be no more than 35dB LAeq in 

unoccupied teaching spaces. 

The aircraft noise measurements were carried out for six days in three classrooms of two primary 

schools within close proximity of Heathrow Airport in June and July 2008 in two situations of 

when windows were open and closed. In some classrooms, the monitoring was carried out for more 

than a day. 

The classrooms' ambient noise levels were measured with a system called Symphonie 

manufactured by OldB. The software package of Symphonie can be used for different purposes 

such as environment, industry and building acoustic. In this study, the dBTRAIT32, which is 

adapted for environment, is used (Symphonie User Guide Manual, n.d). The Symphonie hardware 

package contains the following devices (ibid): 

• A powerful acquisition unit powered by the Notebook PcCard (PCMCIA) interface. 

• A microphone 

• A preamplifier 

Figure 1.3: Symphonie system (Cited in Symphonie User Guide Manual, n.d) 

- Recording window status: In order to assess the occupants' reactions toward aircraft noise, 

windows status were recorded during different sessions. The recordings provide the author with an 

opportunity to study the relation between windows statuses with the activity which is running 

inside classroom while an aircraft flies over a school building. 
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B2- Subjective data: Two types of subjective tudy are carried out in this stage: 

- Teacher's subjective study: A subjective survey is carried out in order to test the results achieved 

from the objective survey. As a part of questionnaire, teachers were asked to rate ventilation 

control level and aircraft noise level from 1 to 7 as follow: 

2 3 .. -
5 '6 '7 

Ventilation No Control Fun Control 

Aircraft Too littlo 
1 '2 '3 .. ' 5 6 '7 

Too much 

Figure 1.4: Part of questionnaire 

- Students' subjective study: Based on the student subjective study, the probabilities of closing 

windows due to the high level of aircraft noise are tested. In this study, students' perception 

regarding the high level of aircraft noise, their annoyance level , the extent to which they are used to 

aircraft noise and their reaction toward the high level of aircraft noise are questioned. 

C) Analysis: The main aim of this part of the research is to evaluate whether occupants tend to 

close classrooms' windows when they are engaged with different type of activitie , in order to 

provide a better acoustic condition inside the classrooms. In this chapter, pilot studies are carried 

out followed by detailed and observation studies. In the pilot studies, the aircraft and students' 

activity noise levels in two situations i.e. when window is open and when it' closed are compared 

in order to have a preliminary idea of the activitie during which aircraft may cau e a problem. 

Aircraft noise, through its nature, has two negative impacts on occupants: annoyance and speech 

intelligibility. For this reason, in detailed study, the impact of aircraft noise on classrooms 

annoyance level and speech intelligibmty are assessed based on different benclunarks to evaluate 

the classrooms in terms of meeting the recommended acou tic criteria while windows are open and 

closed, and then, the situations in which it is more likely that occupants close windows are 

predicted. Thi study is followed by real observations mainly concentrating on the occupants' 

reactions toward the high level of aircraft noise when they are engaged with different types of 

activities inside classrooms in order to assess the as umptions made in pilot and detailed study. 

1.4.3. Air quality Methodology: 

Air quality study (located in chapter 5 of this research) concentrates on the impact of high aircraft 

noise on air quality. In summary, the methodology of this part can be discus ed around literature 

review, data collection and analysis of data. 

A) Literature review: A comprehensive study is carried out regarding the requirements of 

ventilation rate for two purposes of thermal comfort and air quality followed by various factors that 

cause poor air qUality. Different air quality guideline are studied. 
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B) Data collection: Two types of data are collected which are objective and subjective. 

B 1- Objective data: Occupancy and ventilation supplied through windows are the two main factors 

that have impacts on indoor air quality. Data are collected as follows: 

- CO2 measurement: In order to study the overall indoor air quality in schools which are located 

under the Heathrow flight path, CO2 monitoring was carried out in eight classrooms (Y2- Y6) of 

two primary schools within close proximity of Heathrow Airport, for 12 occupied days during June 

and July (cooling season) of 2008. In some classrooms, the monitoring was carried out for more 

than a day. 

The CO2 level was monitored at 1 to 2 min intervals in classrooms at locations close to occupied 

zones at seated head height. The CO2 levels were monitored with Telair 7001 (accuracy of +/- 50 

ppm or 5% of reading up to 5000 PPM) [Figure 1.5]. The CO2 reading range for this sensor (Figure 

1.3) is between 0 to 10,000 ppm with the accuracy of ±50 ppm. Telaire 7001 is manufactured by 

Madge tech (Telaire 7001 User Guide Manual, n.d.). The readings are stored in a device called 

Tiny Tag. This is a data logger which is located in a compact film container (Figure 1.6), which has 

a memory capable of storing up to 16,000 readings (Gemini data loggers, n.d.). 

Figure 1.5: Telaire 7001 (Cited in Telaire 7001 User Guide Manual, n.d.) 

Figure 1.6: Tiny Tag (Cited in Gemini data loggers, n.d.) 

- Occupancy pattern: As occupancy is one of the factors that have an impact on indoor Co2 level, 

the occupancy of classrooms are recorded in order to assess that how occupancy can impact air 

quality. 
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- Window status pattern: As ventilation provided through windows is one of the factors that have 

an impact on indoor CO2 level, the opening statuses are recorded in order to asses that how the 

status impacts air qualjty. 

B2- Subjective data: A subjective survey is also carried out in order to test the results achieved 

from the objective survey. As a part of questionnaires, teachers were asked to rate air quality and 

aircraft noise levels from 1 to 7 as follow: 

Aircraft Too hIIIe !1 2 3 .. 5 ' 8 7 
Too much 

Air quality Fresh " 2 3 .. 5 '8 17 I SluIfy 

L I 

Figure 1.7: Part of questionnaire 

C) Analysis: The first part of analysis is carried out based on objective data. In this analysis, the 

recorded CO2 levels are compared with the occupancy and opening status in order to evaluate that 

how these two factors impact indoor air qUality. Furthermore, the recorded CO2 levels are 

compared with air quality benchmarks in order to assess indoor air qUality. 

The second part of analysis is carried out based on subjective data. For this, a regression analysis is 

carried out between the teachers' perceptions regarding aircraft noise and air qUality. 

Second hypothesis methodology: 

1.4.4. Overheating reliable benchmark methodology: 

The second hypothesis of this research is that the use of relaxed environmental benchmarks can be 

one of the main reasons for poor environmental conclitions in cia srooms. In this study, the current 

air quality and thermal benchmarks which are used in refurbishing and designing schools are 

compared with other available benchmarks set for schools. The study is carried out in the following 

three parts: 

A) Literature review: A complete literature review is carried out regarding djfferent types of 

overheating benchmarks. 

B) Data collection: Two types of data are collected which are objective and subjective. 

Objective data: In order to assess this hypothesis, the indoor temperatures collected to assess the 

first hypothesis are used in this stage. 

Subjective data: subjective surveys were carried out in 2007 & 2008. In these surveys, the teachers 

were requested to score their comfort level during summer terms (June & July) on a 7 scale Likert 

scale (One representing comfortable and seven representing uncomfortable). 
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Thermal comfort Uncomfortable 0 1 ]4 ! 1 r ] Comfortable 

Figure 1.8: Part of questionnaire 

C) Analysis: This part of study is carried out in three stages in order to identify the most 

reliable overheating models. For this reason firstly, the current UK thermal comfort design 

guidelines are compared with each other, using the collated indoor temperature data from 

140 classrooms in 18 schools during 2005, 2007 and 2008. Secondly, the relation between 

occupants' perceptions of thermal comfort are compared with adaptive and fixed thermal 

comfort. Finally, the percentages of dissatisfaction from overheating are calculated for 

each school, as one of the most reliable tools to assess overheating in schools. 

1.5. Thesis structure: 

This thesis is divided into seven chapters. The overview of each chapter is as follows: 

- Chapter One - Introduction: This chapter provides an overview on the author's motivations and 

provides the background of the research problems. In this chapter, the research questions and 

aims are highlighted followed by the outline of the thesis structure and methodology. 

- Chapter Two - UK School design: Tills chapter provides an overview of comfort conditions in 

schools. The impact of environmental conditions on students' performances and health are 

assessed followed by the evaluation of the school design in the UK from the Victorian era up to 

present day, with a focus on classroom comforts requirements such as lighting, ventilation and 

thermal comfort. These studies are followed by assessing the conflict between comfort factors 

in the schools built in each era. In this chapter, the guideUnes requirements for comfort in 

schools are studied. Thus, a comprehensive background study regarding overheating and air 

quality benchmarks is carried out. The conflict between benchmarks for environmental 

conditions (in current design guideUnes) as one of the factors that schools fail to maintain a 

good environmental condition are studied in this part based on literature review and collected 

data. Also, the impacts of environmental conditions on classrooms' occupants are assessed 

based on a further survey. 

- Chapter Three - The principles of solar overheating controls (Le. solar gain, internal gain, 

thermal mass and ventilation) are discussed in this chapter. The main aim of this part of the 

research is to highlight the impact of building and climate factors, on indoor temperature and, to 

compare the overheating levels in classrooms located in noisy regions with those in quiet areas 

in order to evaluate whether the schools which are located in noisy regions have a higher 

likelihood of experiencing overheating, as they may have a lower potential for having natural 
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ventilation due to a high level of background noise. This chapter also provides an overview of 

the impact of climate and building factors (rather than ventilation) on indoor temperature. 

- Chapter Four - Acoustic comfort: This chapter provides an overview of the principles of 

acoustic comfort in primary school classrooms and studies the reaction of occupants to the high 

level of aircraft noise in schools located under Heathrow airport flight paths. The main aim of 

this part of the research is to evaluate whether occupants tend to close classrooms' windows 

when they are engaged with different types of activities, in order to provide a better acoustic 

condition inside the classrooms. 

- Chapter Five - Air Quality: This chapter provides an overview of different factors that have an 

impact on air quality. One of the main roles of natural ventilation is to provide fresh air and 

maintain air quality. Environmental noise is one of the obstacles that prevent a building from 

having the benefits of natural ventilation. The main aim of this part of the research is to assess 

whether aircraft noise is an obstacle to have the benefit of natural ventilation and to evaluate 

whether the schools which are located in noisy regions have a higher likelihood of experiencing 

poor air quality, as they may have a lower potential for having natural ventilation due to the 

high level of background noise. 

- Chapter Six - Discussion: This chapter highlights the problems and findings of the previous 

chapters. The limitations which the author of this research is faced are explained followed by 

making suggestions for further research. 

- Chapter Seven - Conclusion: This chapter discusses the conclusions of this research followed by 

making suggestions to overcome the identified problems. 
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1.6. Key phases of research project 

The following fl owchart shows the key phases of this research: 

Litrature review 

I 
I I I 

Classrooms' Classrooms' Classrooms' 
Thennal comfort Acoustic comfort Air quality 

Principles Principles Principles 

I I I 
Thermal Acoustic Air quality 

Objective & Objective & Objective & 
Subjective Subjective Subjective 

Survey Survey Survey 

I I I I 
I I 

Impactor Impact of 
Acoustic comfort Acoustic comfort 

on on 
Tbennal comfort Air quality 

I I 
I 

Show the conflict between Acoulic comfort and '1bennal comfort and Air quality' 

Figure 1.5: key phases of the research 
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Chapter 2: 

Comfort factors in the UK schools 
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Chapter: 2.1. Literature review 

Overview: 

This chapter is conducted in four parts. The impact of environmental conditions on students' 

performances and health are assessed based on literature review in part one. The evolution of the 

school design in the UK from the Victorian era up to present day, with a focus on classroom 

comfort requirements such as lighting, ventilation and thermal comfort and conflict between 

comfort factors in the schools built in each era are studied in part two. The guidelines' comfort 

requirements in school design are studied in part three. In part four, a comprehensive background 

study regarding overheating and air quality benchmarks are carried out and various thermal and air 

quality benchmarks are compared with each other. Part five covers the conclusion of all parts. 

2.1.1: Part One - The impact of poor environmental conditions on 

students' performance and health 

The environmental factors in this study refer to thermal, lighting, acoustic and air qUality. The aim 

of this part of the research is to study the impact of environmental factors on students' 

performances and their health. From the available literature, it can be seen that most of the 

researchers focus on the environmental issues in schools individually and not as a combination. 

Poor temperature control, lighting, air quality and acoustics have significant negative impacts on 

teachers and students, on their concentration, mood and attendance and consequently on their 

academic achievement (Higgins et aI, 2(05). 

According to Earthman (2004), thermal comfort and air quality are the most important 

environmental issues that have impacts on students' achievements. However the lack of acoustic 

and lighting comfort have particular impacts on students which are discussed further in this 

chapter. 

Students' age group is a significant factor that can influence the level of impact from the 

environment. This is due to the fact that the younger children have a higher concentration to their 

immediate environment while the older ones focus on a wider social and special environment. This 

can be explained by the students' physical and psychological make-up at the commencement of the 

primary school age (ages 4 to 5), which is different to the end of the primary school age (ages 11 to 

12). Students become more mature and independent by the ages of 11 and 12 in comparison to 

when they start primary school (Dudek, 2(00). 

Earthman (1997) suggests that children, who are not in comfortable environments, feel disoriented 

and bored at school and face higher difficulty in their learning ability. In contrary, the ones who are 
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in highly comfortable learning environments have higher learning abilities (Lackney, 1998). Poor 

environmental condition in classrooms not only affects the students' learning ability but also has a 

negative impact on teachers' health and their ability to teach and deliver the materials (Schneider, 

2003, p.4). 

The impacts of environmental conditions on students are discussed in the following as follows: 

2.1.1.1. The impact of poor acoustic comfort on students' health and performance 

Poor acoustic comfort is mainly related to the high level of background noise and long 

reverberation time. A classroom's background noise is affected by the noise from inside and 

outside of the classroom. The noise from outside a classroom can be either from inside or outside 

of school. 

According to Baumann & Neiderstatter (Dudek, 2007), one of the most serious acoustic problems 

in a classroom is the long reverberation time experienced in old Victorian and open-plan schools. 

In their study, students reported comfort in the classrooms that were acoustically designed based on 

the classrooms' function. It has been found that noise interferes with students' learning both while 

it occurs as well as after noise has abated (Gifford, 1987). It is crucial to have good acoustic 

classrooms for all age groups (Dudek, 2007) since acoustic comfort is one of the major factors that 

have an impact on students' academic performance (Schneider, 2003). For this reason, various 

solutions to overcome long reverberation time and high level of background noise are proposed by 

different researchers in this regard. Some of the examples of these solutions are as follows: 

• Increased carpeting as proposed by Tanner & Langford (2002) 

• Increased acoustic tiles to dampen reverberation (Maxwell & Evans, 2000) 

• Creating different zones which can offer a variety of acoustic characteristics according to the 

relevant activities such as silent, quiet, eating, singing, making music zone (Dudek 2007). 

It should be noted that the above solutions improve the acoustic comfort inside a classroom only if 

the environmental noise is minimum. The presence of environmental noise such as noise from 

aircraft, rail and road traffic has a significant impact on the background noise level inside a 

classroom. 

In the following pages, the negative impact of noise (i.e. environmental noise & classroom noise) 

on children's academic health and performance are discussed. 

a) The effect of environmental noise on children 

Many studies have been carried out to assess the impact of each of the environmental noise sources 

individually on students' performance. The most chronic environmental noise sources are noises 

24 



from aircraft, train and traffic. The impacts of each of these environmental noises are explained 

below: 

Aircraft noise: 

The aircraft noise due to its intermittent characteristics (Le. typically more intense, less predictable 

and peak level) causes more distraction compared to road noise, because children are more 

habituated to the road noise and are not distracted by it. This can be attributed to the continuing 

nature of road noise (Jones, 2010; British Standard 4142: 1997). It has been shown that aircraft 

noise has more impact on children compared to the noises from other sources [(Crook and Lagdon, 

1974), (Cohen et aI, 1980), (Cohen et ai, 1981), (Hygee et aI, 2002), (Haines et ai, 2(01), (Haines 

et aI, 2002)]. 

Since aircraft noise causes a higher level of distraction than other environmental noise sources such 

as road noise, within the last three decades significant studies have been carried out on the impact 

of high level of aircraft exposure on children studying near eight airports around the world. The 

summary of these studies is given below. It should be noted that children's health and performance 

is related to many factors such as socioeconomic status, occupation of the household, parental 

education, family size, subsidised lunch programs, ethnicity, the percentage of pupils with English 

as a second language etc [(Evans et al,1995), (Evans and Maxwell, 1997)]. 

In each of the following studies (Jones, 2010), other than aircraft noise, all factors which have 

some impact on the children are kept constant to evaluate the main impact of aircraft noise on 

students. Alternatively samples which are compared with each other are chosen in such a way that 

they share all but one condition (aircraft noise) . 

• Impact of Japan airport: In 1975 Ando et al studied the impact of aircraft noise on students' 

performance by comparing 1144 elementary school pupils in schools around an airport in Japan 

with the ones in quiet regions. According to this study, pupils who were exposed to a high level of 

aircraft noise showed lower performance as their average rate of work was slower than average . 

• Impact of Los Angeles International Airport: In 1980 Cohen et al studied the impact of 

aircraft noise on students' performance and health by comparing elementary students from four 

schools which were located around Los Angeles International Airport with three schools which 

were located in quiet areas. Based on this study, students located in the schools around the airport 

experienced a higher level of health problems (because they experienced a higher blood pressure) 

and a lower performance (because they failed on the cognitive tasks and were more likely to give 

up before the allocated time to complete tasks) as they were exposed to a high level aircraft noise. 
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• Impact of Taiwan Airport: In 1993 Chen and Chen studied the impact of aircraft noise on 

students by comparing the hearing ability of 228 students who were attending a school near an 

airport in Taiwan with 151 students attending schools further away from the airport. Based on this 

study, students of the school located under the flight path had a lower level of health due to a lower 

hearing level. 

• Impact of Munich International Airport: In 1995 Evans et al studied the impact of aircraft 

noise on students' performance and health by comparing 135 students with the average age of 

10.78 who were at Yr3 and Yr4. They were living in two different noise level neighbourhoods: 

noisy (24-hr I..eq= 68.1dBA; peak=79.8dBA) and quiet neighbourhood (24-hr I..eq=59.2dBA; 

peak=69.0dBA) around Munich International Airport. Based on this study, it was found that 

students who lived under the flight path had a lower level of health as their adrenaline, noradrenalin 

and systolic blood pressure were higher in comparison with the students who lived in quiet regions. 

In addition the students who lived under the flight path experienced a lower performance as they 

had poorer reading abilities and long-term memory required to recall tasks. The authors suggested 

that children may cope with adverse noise by developing coping strategies such as 'tuning out' 

ambient noise, which may have implications on language acquisition and speech processing. 

• Impact of New York Metropolitan Airport: In 1997 Evans and Maxwell studied the impact of 

aircraft noise on students' performance by comparing 116 of Yrl & Yr2 from two elementary 

schools, one of which was located in a noisy neighbourhood (within the 65I..eq flight counter) of 

New York Metropolitan Airport, while the other was located in a quiet neighbourhood. Ba<;ed on 

this study, it was found that students from the school which was located in the noisy 

neighbourhood had a lower reading score and reading ability in comparison with the students of 

the school located in the quiet neighbourhood. 

• Impact of new Munich Airport: In 1998 Evans et al studied the impact of aircraft noise on 

students' performance and health over a two-year period before and after the opening of the new 

Munich Airport by comparing 217 elementary school children from Yr3 & Yr4 with average age of 

9.90 living close the airport. The schools noise exposure increased in both quiet (from 53dB to 

55dB Leq) and noisy (from 62 to 73 dB Leq) neighbourhoods as the result of opening the airport. 

Students' health and performance samples were collected six months prior to the opening of the 

airport (Wave 1),6 months after opening (Wave 2) and after 18 months after the opening (Wave 3). 

Post Wave I, the children's health became poorer as their blood pressure, adrenaline and 

noradrenalin increased in the noisier neighbourhood while it remained stable in the quieter area. In 

addition their quality of life decreased in the noisier neighbourhood while it remained stable in the 

quieter area. Bollinger et al (1999), based their research on Evans et al and reported that 

motivational deficits were seen in those children exposed to aircraft noise after the opening of the 

airport in comparison to the children living in the quieter areas. 
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• Impact of London Heathrow Airport: In 2001 Haines et aI studied the impact of aircraft noise 

on students' performance and health by comparing 340 school children aged 8-11 around London 

Heathrow Airport. Children in four schools exposed to outdoor Leq>66dBA were compared with 

those in lower noise areas, with outdoor Leq<57dBA. The results indicated that chronic noise 

exposure was associated with higher levels of noise annoyance and impaired reading 

comprehension, but there was no effect on mental health problems. Matsui et al in (2004), studied 

the impact of aircraft noise on students' performance by comparing children from 10 schools which 

were located in high-aircraft noise areas (Leq> 63dBA) with children from 10 schools in low

aircraft noise areas (Leq< 57dBA). This study showed that the students from schools which were 

located in high-aircraft noise had delayed recaIling abilities . 

• Impacts of Heathrow, Netherlands and Spain Airports: The RACH project (Road Traffic and 

Aircraft Noise Exposure and Children's Cognition and Health) by Stansfeld et aI (2005) was one of 

the most extensive studies done on aircraft noise and children's learning carried out betweenApril 

to October 2002. A total of 2844 children were studied in primary schools near Schiphol 

(Netherlands), Barajas (Spain) and Heathrow (UK). The results indicated that exposure to chronic 

aircraft noise was associated with a significant impairment in reading comprehension. The study 

shows that a 5dB increase in aircraft noise is equivalent to a 2-month reading delay in the UK, and 

a I-month delay in Netherlands. No national data was available in Spain. 

Matheson et al in 2003 summarised findings from 1980 onwards and explained that the high level 

of aircraft noise exposure caused raised annoyance level, raised blood pressure, increased stress 

response level, impaired motivation, increased sense of helplessness, lower reading ability, 

attention and memory in children. 

Majority of the children who were exposed to a high aircraft noise expressed disruption while 

thinking or doing school work (Haines et ai, 2(03). Three types of coping strategies have been seen 

among the children who are exposed to a high level of aircraft noise. The first one which is the 

most popular method is the covering of ears, the second one is do nothing (no activities while the 

noise is present) and the third one is ignoring. 

Road & rail noise: 

After aircraft noise, road noise is found to be the most distracting noise. In the European Union 

countries, about 40% of the population are exposed to road traffic noise with an equivalent sound 

pressure level exceeding 55 dB(A) during daytime and 20% are exposed to the levels exceeding 65 

dB(A) (Berglund et aI, 1995). 

Road noise is the predominant noise source in urban areas. Car noises can be heard in 86% of 

London primary schools as per the study carried out by Sheild and Dockrell (2004b). Road traffic 

has negative effect on children such as affecting their reading ability (Lukas et al, 1981), their 
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concentration [(Sanz et al, 1993) and (Romero et ai, 1995)] and also a higher level of complaints 

when the noise levels exceed 60 dB (A) (Sargent et al 1980). It has been found that typical road 

traffic noises are around 70dB (A) (Shield and Dockrell, 2(08). 

Traffic noise does not have any impact on children's memory according to the study carried out by 

Bowman (2004). In his study, the impact of traffic noise on memory on children age 13-14 years 

was assessed. For this reason, three equal groups of 32 pupils were chosen to be exposed to three 

different noise conditions. It was found that there was no significant relation between noise and 

memory processing. 

Another study by Bronzaft and McCarthy (1975) shows that the children who were exposed to train 

noise of up to 89dB(A) achieved lower reading scores than the ones located on the quiet side of the 

school. It was also found that the difference in the scores could be eliminated by a noise reduction 

programme. 

b) The effect of classroom noise on children 

In the last few years, the most research on the effect of noise on children has concentrated on 

environmental noises rather than classroom noise. Recently, researchers have shown a higher 

interest in classroom noises and have studied the impact of internal noise on children's reading, 

numeracy and overall academic performances [Shield et al (2002), MacKenzie (2000), Maxwell et 

al (2000) & Lundquist (2000)]. 

As per the study carried out by Hetu et al (1990), there is a significant relationship between 

children's learning and consequently their performance, with the background noise level interfering 

with their speech. Children's performances in an acoustically treated room were compared with the 

non-acoustically treated rooms by Mackenzie (2000) and the results revealed that children show a 

higher performance in word intelligibility in the acoustically treated rooms. In addition, a recent 

study by Shield and Dockrell (2003b) shows a significant relation between internal classroom noise 

and their performance. The student performances were assessed by Standard Assessment Task 

(SAT) score results. This study confirms that not only the environmental noise but also the 

classrooms' noise level has a significant impact on students' performance. It should be noted that in 

some cases, the classrooms' background noise level is deeply related to the underlying classrooms' 

noise levels when classrooms are unoccupied. This result proves the importance of environmental 

noise as a deterrent to students' health and academic performance. 

2.1.1.2. The impact of poor air quality on students' health and performance 
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Poor air quality in a classroom has a negative impact on students' performance, health and also 

teachers' productivity according to various studies that are explained further. For this reason, 

guidelines have been put in place to provide good indoor air quality in classrooms. These 

guidelines are explained in Chapter 5. In general, the factors that influence indoor air quality are 

outdoor pollution, ventilation rate, furnishings, occupants' activities, length of the occupancy and 

the number of occupants. Several researches have been carried to assess indoor air quality in school 

classrooms as well as the impact of poor air quality on occupants' health and performance. 

Coley and Beisteiner (2000) and Lugg (1999) carried out studies in some of the naturally ventilated 

UK schools and suggest that school classrooms are unable to provide good air quality for students. 

Furthermore, a large detailed study was carried out to assess the ventilation and indoor air quality 

inside 16 classrooms of eight primary schools across the UK. As per the results of the study, the 

ventilation levels in classrooms were frequently below the minimum recommended levels when 

occupied (Ajiboye et aI, 2006). 

Further study was conducted on the impact of poor air quality on the students themselves. A series 

of studies have been conducted around the world to study the impact of poor indoor quality on 

occupants and specifically its impact on school buildings, students and teachers. 

• Dutch study: This study was carried out by Dijken et al (2005) on homes and schools. It was 

discovered that there was a significant relation between poor air quality and students' health. This 

study shows that 10 out of the 11 classrooms that were chosen as samples suffered from poor air 

quality and experienced a CO2 level of above 1000 ppm. 

• Scandinavian study: This study confirmed that students' performance decreases as a result of 

poor air quality and vice-versa (Myhrvold et aI, 1996; Wargocki et aI, 2007). 

• European study: This study was carried out on 800 students from eight schools. The results 

show that lower ventilation rate and consequently high CO2 levels cause lower concentration and 

increase health symptoms (EPA, 2003) . 

• Norway study: Following the concern on the increase of allergy and asthma among the 

Norwegian children, a plan was put in place to renovate schools in order to provide a better indoor 

environment and elevate the students' health and performance. In order to test the impact of air 

quality on students, surveys were carried out in 35 classrooms from eight schools before and after 

the renovation and the results show that the students' performance increased in the new indoor 

environment as a result of the renovation (Myhrvold et aI, 1996) . 

• UK Studies: David and Coley (2004) carried out a study on students between the ages of 10 to 

11 from one primary school that was identified as a poorly ventilated school by Coley and 

Beisteiner (2002). This research shows that student concentration become significantly lower as a 

result of high CO2 levels inside the classrooms. In another study carried out in the UK, Clements

Croome et al (2006) focused on 20 primary schools (mixture of old and new) located in Southern 
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England (Reading). This study shows that the school performance improved by 14.5% by doubling 

the ventilation rate to 10 Us. This improved by 3.5% by reducing the temperature by 1°C. 

As a result of the requirement of reducing CO2 emission levels by 2030, UK schools have shown a 

tendency to reduce their ventilation rate in order to reduce energy consumption. Reducing the 

ventilation rate in schools had an adverse effect on students' learning and achievements due to a 

higher level of CO2 inside classroom. 

Poor indoor quality can have a significant effect on students' health and consequently effect on 

their learning both directly and indirectly. Poor indoor air quality directly affects the occupants 

learning ability by impairing their concentration and memory and indirectly by causing health'-' 

problems. For example, indoor pollutant in classrooms causes diseases such as asthma and allergy 

among students. This could lead to absenteeism and use of medication, both of which have a 

negative impact on their academic achievement. Among chronic illnesses, asthma has been found 

to be responsible for 20% of absents in primary and secondary schools (Richards 1986 cited in 

MendelI et aI, 2005, p.5 ). 

2.1.1.3. The impact of poor thermal comfort on students' health and performance 

The principles of thermal comfort and various guidelines in place regarding them are discussed in 

the literature review of Chapter 3. 

Most of the research regarding the impact of environmental factors on students' performances in 

the UK concentrate on the impact of acoustic comfort, lighting comfort and air quality rather than 

thermal comfort. According to the available evidence, British schools are not thermally 

comfortable and as shown by the studies of Leaman & Bordass (cited in Woolner 2010, p.24), 

occupants have a high level of complaint regarding classroom thermal comfort. Under the Building 

Schools the for Future (BSF) scheme, some schools awaited refurbishment due to heating and 

cooling problem, In these schools, the negative impact of the lack of thermal comfort on students' 

achievement were reported by the schools' staffs (ibid). 

The negative impact of thermal discomfort on students can be divided into two categories: 

students' poor performance and students' health. Thermal discomfort is typicalIy associated with 

either overheating or cold temperature. Generally warm temperatures cause sluggishness, tiredness 

while cold temperature can affect students' dexterity (Lackney, 1999). 

Studies carried out around the world looked at the negative impact of thermal discomfort on 

students' performance and health: 

• Thermal discomfort and student's health: As per the study on the negative impact of thermal 

discomfort on students' health by Jago and Tanner (1999), it was demonstrated that when the 

classrooms' indoor temperature exceeds 23.9Co, students' respiration rate increases and this also 

provides the condition for some diseases. 
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• Thermal discomfort and students' performance: A study was conducted in Swedish schools 

looking at whether high indoor temperature has a negative impact on specific mental attainments. 

Low mental attainment causes poorer performance especially in adding and mUltiplying. This has 

been confirmed by Wargocki (2005), who suggests that increased temperature has significant 

negative impact on students' performances while carrying out different tasks such as adding, 

multiplying, reading etc. 

According to a study by King and Maran (1979 cited in Zeiler et a12009, p.2308), students reported 

discomfort as temperature and humidity increased. In this study, the students had a lower task

performance as an outcome of low attention given to providing thermal comfort. As a support to 

this, a more recent study by Wargocki and Wyon (2007) demonstrates that providing the 

classrooms with a comfortable indoor temperature improves students' performances. For example, 

according to their research, the students' performances on 'numerical tasks' and 'language-based 

tasks' improved when the indoor temperature in the classroom was decreased from 25° C to 20°C 

in late summer. 

Hence it can be suggested that thermal discomforts have a negative impact on both students' health 

and academic performance. The student's academic attainments and health can be improved by 

improving thermal comfort. 

2.1.1.4. The impact of poor lighting comfort on students' health and performance 

Similar to the factors explained earlier, the lack of lighting comfort can negatively affect students' 

health and performance. Lighting comfort mainly refers to providing a sufficient level of 

illuminance considering the type of activity being carried out, and also providing adequate light 

control to ensure a correct level of light distribution so that no glare is caused. 

Since lighting is one of the fundamental characteristic of a classroom, many research focus on the 

impact of lighting on students (Earth man, 2004). Lighting design is a broad subject that covers 

both natural and artificial design. As mentioned above, there have been studies carried out that 

examine the impact of lighting comfort on students' performance and health . 

• Poor lighting comfort on students' health: 

A study by Taylor and Gousie (1988) suggests that lack of lighting comfort (in terms of level, 

glare, spectrum etc) has a negative effect on students' physiological and psychological functions 

such as neuron doctrine functions, hyperactivity and task behaviour. 

Good natural lighting can only be achieved by combining direct and indirect lighting (Barnitt, 

2003; Butin, 2000) and lighting controls such as blinds to provide an opportunity for adjusting 

lighting levels in classrooms (Butin, 2000). One of the main benefits of natural light is that it 

consists of all light spectrums (full spectrum). Natural daylight has a positive impact on bodily and 

mental wel1-being of al1 humans. This is why school design should maximise the level of daylight, 
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which also helps reducing the cost of artificial lighting (Walden.R, 2008). Lack of adequate level of 

light can increase fatigue, headaches and also damage to eyesight, also a light which is too bright 

has a negative impact on well-being. Glare can lead to diminished vision, indisposition, and 

headaches resulting from overexerting the eyes (CIBSE KS6, 2006). 

It has also been found that illness and mental fatigue can be reduced by the use of full spectrum 

natural light especially on children with hyperactivity disorder (Dunn et al., 1985). The study 

discovers that students are healthier under the full florescent lamp with improved ultraviolet 

artificial light. They seem to have fewer dental cavities, have better growth and also better 

attendance and development in comparison with students studying under other artificial lighting 

sources. Florescent lighting is also found to increase hyperactivity among children as compared to 

full spectrum lighting (Jago and Tanner 1999) 

• Poor lighting comfort on students' performance: 

Performance improves in the presence of daylight, and its positive effects are manifested in better 

social behaviour. There is a significant relationship between students' academic attainment with 

natural daylight. Children's attention increases (Ott, 1976) and student absenteeism decreases 

(London, 1988) as a result of full spectrum natural light. According to the study carried out by 

(CHPS, n.d), students in well-lit classrooms had higher scores (up to 26%) on the New Stanford 

Achievement Test in comparison with the ones in poorly lit classrooms. 

Hence it can be inferred that lighting discomforts have negative impact on students' health and 

academic performance. The student's academic attainments are improved by making improvement 

to lighting comfort. 

2.1.1.5. Result: 

As a result of the literature review, it can be concluded that there is a significant relationship 

between various environmental factors and students' academic achievements as well as health. This 

research studies their relationship based on the teachers' perceptions (self-assessment through 

questionnaires) in the analysis section. 
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2.1.2. Part Two - Evolution of comfort requirements in UK school design 

from Victorian era to the present day 

Over the past two centuries, the design of school buildings in the UK has been affected by various 

factors such as social, economic, architectural educational etc. (Woolner, 2010). Not only have the 

schools layouts changed, but the comfort requirements have also been improved since the Victorian 

area in order to provide better environmental conditions for students. As far as the comfort factors 

requirements are concerned, the history of the UK school construction is divided into five time 

periods - the Victorian, open air, after World War n, after the oil crisis and after Primary Capital 

Programme (PCP) I Building School for Future (BSF) schemes, which are explained in this part . In 

each of these periods, the level of lighting, ventilation requirements and the type of constructional 

materials (which have a significant impact on heating and cooling loads and consequently thermal 

comfort) are different. The requirements of each era are reviewed in this research. It should be 

noted that the schools which were built during the different periods mentioned above are still being 

utilised in London. 

2.1.2.1. Victorian schools 

Figure 2-1.1; Internal view of the first generation of a Victorian school 

(Cited in Wu et al, 2(02) 

Victorian schools were built from 1837 to 1901 after the establishment of government-led 

educational system, transferring students from classrooms run in churches to schools (Chatelet, 

n.d). Victorian schools are divided into two generations: schools which were built before and those 

after due consideration was given to hygiene issues. These generations are named as the first and 

second generation of Victorian schools for the purpose of this study. It should be noted that the 

second generation of the Victorian schools are still being used. 

In the first generation of Victorian schools, a large number of children were gathered in school 

houses which were divided into classrooms by curtains. During this period, a new English 

educational method (known as mutual education) was offered, which allowed a single teacher to 
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manage hundreds of students by getting assistance from advanced students who were trained as 

tutors (Seaborne, 1971). 

Joseph Lancaster, one of the promoters of the mutual education method started debating about the 

classroom layouts with regards to the number of students and arrangement of furniture. Following 

his debate, the 'Hygiene issue' became prominent especially with regard to lighting, heating and 

classroom furnishing. One of the disadvantages of 'the first generation of Victorian schools' was 

the poor air quality and lack of fresh air as the windows were built high in the walls, to stop 

students from being distracted from their work by looking outside (Chatelet, n.d). 

This style of school building spread quickly but disappeared almost instantly, as the school 

population in the UK rose, which resulted in classrooms being separated for children of different 

abilities and ages (Wu et ai, 2(02). Rule of hygiene was enforced and ratified between 1860 and 

1880. As a result 'the second generation of Victorian schools' emerged. Built two or three floors 

high, these schools featured long central hallways with classrooms with high ceilings, typically on 

either side, making the depth of buildings greater than 20 meters (Chatelet, n.d). 

a) Thermal comfort in Victorian schools 

Victorian schools are found to be thermally comfortable during summer but not in winter (BB73, 

1991). These schools have low cooling demand during summer and maintained indoor temperature 

during summer because of the fo\1owing reasons: 

- The heavy thermal mass materials which were used in construction of these schools absorb 

extensive solar gain during summer and prevent classrooms from being overheated. The main 

construction of Victorian schools is solid brickwork. The pitched roofs in these buildings are 

covered with slate (BB73, 1991). 

- The main faces of the classrooms are towards the North which results in the classrooms receiving 

a lower level of solar gain than from any other direction. 

- The high ceiling and sash windows create the stack effect which has an impact on indoor 

temperature and air quality during cooling seasons (summer). 

Hence it can be concluded that the occupants of Victorian schools have the benefit of good thermal 

comfort in summer but these schools struggle to provide thermal comfort during winter as the 

heating demand in Victorian schools is high. This is due to the fact that the solid brick walls in 

these schools have a U value of around 2.05, which is extremely high, in comparison with the 

current recommended U value of 0.25 as per the current building regulation. The high U value 

causes an increased heating demand and consequently creates problems in maintaining indoor 

temperature during heating seasons (winter) in classrooms. 

The folIowing techniques can be adopted to provide a better thermal comfort during winter in 

Victorian classrooms (BB73, 1991): 
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a) Insulation: In order to decrease the U value and the heating demand in Victorian classrooms, 

in ulation (preferably external) should be added to the solid brick walls. 

b) Suspended ceiling: The height of classrooms in Victorian schools is between 3.1 m to 3.5m. This 

height could be reduced to 2.4m. In order to prevent reducing day lighting and ventilation, the 

ceiling should be flared up in places at 45°, to meet the window heads. This prevents the 

classrooms from losing the privilege of having natural ventilation through sash windows. 

c) Add window: Generally, the windows in Victorian buildings are single glazed sash windows 

with timber frames. As the majority of Victorian schools are li sted buildings and their fa9ades are 

required to be conserved as they are, a new double glazed window could be added to the slate edge 

of existing windows (Figure 2-1.2). 

Figure 2-1.2: Double glazed window in a Victorian school (taken by the author) 

a) Lighting comfort in Victorian schools 

The Victorian classrooms are generally prevented from glare and excessive heat as they face the 

North (Robson, 1972). It should be noted that North facing windows receive les luminance when 

compared with the South orientated ones. Generally in Victorian times, the requirements of lighting 

levels were less in comparison with the present days (BB90, 1999). Please note that although 

cla rooms facing north may have some glare due to sunrise/sun et, this does not cause any 

problem for occupants as schools are closed during these times. 

b) Acoustic comfort in Victorian schools 

The reverberation time and background noise level in Victorian chool is higher than modem 

chools due to the higher clas rooms' volume with a corre ponding increase in the amount of 

reflective urface. Acou tic tiles can be added to the Victorian cia rooms' surfaces to decrea e 

the reverberation time. It should be noted that by adding acoustic tiles to the classrooms' surfaces, 

35 



the classrooms' capability for maintaining indoor temperature during summer would be decreased, 

as heavy thermal mass surfaces would be covered with the e materials. In addition, Victorian 

schools do not suffer from environmental noises such as cars and lorries as much as modem 

schools, since they are mainly surrounded by large grounds and playgrounds which separate them 

from the nearest road (Shield et al., 2004b). 

c) Air quality in Victorian schools 

For the following reasons, the Victorian classrooms may have a better indoor air quality: 

• Victorian chool do not have any restriction for opening windows as they are usually set back 

from busy road and consequently receive a lower level of environmental noise. 

• Sash windows together with high ceilings in Victorian schools offer stack ventilation. 

d) Conflict between comfort factors in Victorian schools: 

Two types of comfort factor conflicts are experienced in Victorian school s: 

• On the one hand, Victorian schools have the privilege of having stack effect due to sash 

windows and high ceilings and consequently the ability to maintain indoor air quality during 

summer. On the other hand, the occupants of these schools suffer from high reverberation times 

and consequently a higher level of noise due to their high ceilings. This is a conflict between air 

quality and acoustic comfort in Victorian schools. 

• In Victorian schools acoustic tiles could be added to reduce the reverberation times, but acoustic 

tiles cover the heavy thermal mass surfaces and reduce the building's capability to maintain indoor 

temperature during summer. 

Figure 2-1.3: View of a Victorian school 

(Taken by the author) 
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2.1.2.2. Open-air schools 

In the early part of the 20th century, concern over the spread of tuberculosis was brought up in the 

international congress held in Nuremberg in 1904. In this congress, the lack of ventilation issue 

was discussed as one of the reasons of spread of tuberculosis. Doctors advised provisions of a 

higher ventilation level and natural light inside the schools, in order to react against the tuberculosis 

break out. Thus, from 1900 up to the 1930s, an open air school movement became the dominant 

idea to decrease the risk of tuberculosis. This idea was extended afterwards until mid post war 

(Chatelet, n.d). 

Architects proposed single floor schools located at garden sites in which the classrooms' windows 

could be opened, so that they could provide a higher level of ventilation. The innovation of 

construction technology (i.e. steel framing) made it possible to maximum the use of glazed areas in 

these schools. These schools became known as open air schools (Wu et aI., 2002). 

a) Thermal comfort in open air schools before modification 

At the time of their construction, the open air schools were thermally comfortable during summer 

but not winter. These schools had the benefit of cross ventilation, as large windows and doors could 

be fully opened to maintain indoor temperature and to remove excessive heat during cooling 

seasons (summer). Although these schools had the benefit of a high level luminance, good level of 

natural light and thermal comfort during summer, a large amount of heat was lost during winter due 

to their large openings (conflict between thermal comfort in winter and summer). 

Figure 2-1.4: View of an open air school before modification 

(cited in Wu et ai, 2002) 
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b) Thermal comfort in open air schools after modification 

The open corridors in open air schools were covered up (using glass enclosures) in order to 

improve environmental conditions. By covering up the corridors, these school s lost the benefit of 

cross ventilation. 

As can be seen, the closed corridors were added to the buildings (Figure 2-].4 & 5). 

Figure 2-1.5: Part of the school plan before (left) and after (right) modification 

Figure 2-1.6: School plan after modification 

The following photos show the Heston (Built ]936), Wellington (Built ]930-1935) & Cranford 

(1937) as open air primary schools both at the time of their construction and also after the 

implementation of the proposed modifications (provision of enclosed corridors). 
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Figure 2-1.7: Heston school before improvements 

(Cited in Friends Reunited website) 

Figure 2-1.9: Cranford school before improvements 

(Cited in Friends Reunited website) 

Figure 2-1 .11 : Wellington school before improvement 

(Cited in Friends Reunited website) 

Figure 2-1.8: Heston school after improvements 

(Taken by the author) 

Figure 2-1.10: Cranford school after improvements 

(Taken by the author) 
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Figure 2-1.12: Wellington choo! after improvements 

(Taken by the author) 

After the modifications were made, clas rooms have had a lower risk of heating 10 s during winter, 

however they have had a higher ri k of experiencing overheating during summer a the benefit of 

cro s ventilation was reduced to a ingle sided ventilation (conflict between thermal comfort in 

winter and summer). 
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2.1.2.3. Post World War II schools 

Due to the baby boom after the destruction caused by World War IT and the growing need for the 

schools at the beginning of fifties (1945-1970) prefabrication technology was developed and 

bghtweight construction was applied to the construction of many schools to increase the speed of 

the construction (Woolner, 2010). 

Figure 2-1.13: View of a low thennal mass school 

(Cited in Friends Reunited website) 

Figure 2-1.14: View of a prefabricated classroom 

(Taken by the author) 
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a) Thermal comfort in post war schools 

A large number of schools built in the 1950s and 60s were constructed using System Methods (i.e. 

structural steel frames support the internal fabric and external curtain walls of these buildings). 

Unfortunately, many of these buildings are thermally inefficient and they have lightweight 

structures which are neither heavy thermal mass nor thermally insulated (BB73, 1991). As a result, 

the schools which were built in this time period are not thermally comfortable. The problem was 

expressed by the teachers in primary schools built in the 1970s as 'freezing in winter and boiling in 

summer' in energy surveys (Woolner, 2010). BB73 suggests different techniques that can be 

applied to provide better thermal conditions during winter. 

b) Lighting comfort in post war schools 

Daylight is the main source of illumination in post war schools according to 'the lighting of 

buildings' which has been published regarding the post-war buildings. The BS regulations in place 

at the time of construction recommended a minimum of 2% daylight factor with the possibility to 

increase to 5%. For this reason, the windows had to be large enough to meet the 2% daylight factor. 

These large windows cause many problems such as glare, overheating in summer and heat losses in 

winter (Wu et aI., 2002). 

c) Conflict between comfort factors in post war schools 

One the one hand, the post war classroom have a high level of natural light due to the large 

windows but on the other hand. these classrooms produce excessive glare and receive a high 

amount of solar gain during summer that cause overheating during summer and heat loses during 

winter. This is the conflict between lighting and thermal comfort in post war primary school 

classrooms. It should be noted that the poor thermal comfort is not only related to the large 

windows but also to the lightweight construction materials used in these buildings. 

2.1.2.4. Energy efficient schools 

The school construction in this period was affected by two phenomena i.e. the energy crisis and 

sick building syndrome. 

In 1970, following the OPEC embargo, there was a concern over oil supplies and designers tried to 

construct more energy efficient buildings. They tried to minimize the energy usage by the 

following techniques: 

• 1'1 technique: Doors and window frames were sealed and buildings were made air tight as much 

as possible. 
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• 2nd technique: The requirements for outside fresh air for each occupant inside a building was 15 

cubic feet per minute (cfm) in early and mid 1900's which was reduced to 5 cubic feet per 

minute after the 1973 oil crisis. 

After the oil crisis and the subsequent attempts by designers to increase the buildings' energy 

efficiency, the World Health Organization reported Sick Building Syndrome in 1984 for 30% of 

newly remodelled buildings worldwide. Sick Building Syndrome is the combination of ailments 

and associated with an individual's places of work. The main causes of sick building syndrome are 

mechanical air conditioning systems and lack of sufficient ventilation. After buildings started 

experiencing Sick Building Syndrome that caused short and long term health problems, a greater 

consideration was given to providing good environmental conditions whilst minimising the usage 

of energy (Edward, 2010). 

Followed by the oil crisis and sick building syndrome, the open-plan space school concept was 

introduced in the United State in 1970 and the idea spread to Europe and especially to the UK. This 

trend reached its highest level in 1976 when 10% of all the UK primary schools were constructed 

based on this concept (N. Bennet et aI, 1980). The main advantages of the open plan school concept 

was the privilege of having cross ventilation for providing good air quality, which protected the 

schools from the phenomena of the sick building syndrome, as well as providing indoor thermal 

comfort. 

In summary, in this period, there was a great concern regarding fuel saving and providing comfort 

for occupants. Therefore, the UK Building Regulation Act 1984 allocated two clauses to fuel 

saving and occupants' needs. These clauses are under the title of 'Furthering the conservation of 

fuel and power' and 'Securing the health, safety, welfare and convenience of persons in buildings' 

(Building Regulation Act, 1984). 

In addition, a tool for measuring the sustainability of new non-domestic buildings such as schools 

was established in the UK in 1990. The tool was called BREEAM (BRE Environmental 

Assessment Method) which has been updated regularly in line with the UK building regulations 

(Part L). Following BREEAM, the need to address the 'three Es' (Le. energy, environment and 

ecology) in conjunction with each other was agreed as the crucial part of the design in Rio de 

Janeiro in the UN Earth Summit in 1992 (Edwards, 2010). The 'three Es' suggests deliberate 

designing to: 

El employ low-energy design by different techniques 

E2 provide healthy and comfortable environment 

E3 reducing the impact of design to the ecological system 

Comfort issues and possible conflict between them for this duration are discussed as follows: 
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a) Thermal comfort in the schools after the oil crisis 

In this duration, a new vision was established towards energy efficiency and occupant's satisfaction 

concept inside buildings. So new rules were incorporated to building regulations to achieve better 

environmental conditions and comfort situations. Open plan c1as rooms which were proposed in 

this era offered the benefit of having cross ventilation in order to maintain comfortable temperature 

and air quality in the summer, 

b) Air quality in schools after the oil crisis 

After the Sick building syndrome phenomenon, open plan classrooms became a predominant 

solution to providing good air quality with the aid of cross ventilation. 

c) Acoustic comfort in schools after the oil crisis 

Open plan classroom suffer from poor acoustic comfort as they have a higher noise level and 

reverberation time. For this reason, teaching activities had to be carefully planned and organised in 

order for the open design to work successfully (Tate-Harte and Shield, 2(06). 

d) Conflict between comfort factors in schools after the oil crisis 

Open-plan schools had the privilege of having cross ventilation to maintain classrooms' indoor 

temperature and air quality during summer but they were highly noisy and were not acoustically 

comfortable. As a result, there was a conflict between acoustic comfort and 'thermal comfort / air 

quality' in these kinds of schools. Therefore, the open plan classrooms were converted to cellular 

classrooms to overcome the acoustic problem (Figure 2-] .] 5). As a result of this conver ion, 

classrooms lost their opportunity for having cross ventilation in cooling seasons (summer) and 

having less energy con umption during cooling sea ons. 

Figure 2-1 .15: Open plan layout before modification (left). cellular layout after modification (right) 
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The following photos shows the classrooms in Andrew Ewing primary schools which were built 

based on open plan classroom concept but were converted to cellular cIa rooms in order to 

overcome the acoustic problem some years after construction. 

Figure 2- 1.16: Andrew primary school. View from inside a classroom (left) hall (right) (Taken by the author) 

2.1.2.5. BSF & PCP schools 

In 1992, the UK government adopted a policy for financing public servlces including the building 

and refurbishment of schools via 'Public-Private Finance Initiative' (PR) (Burke and Grosvenor, 

2003). Besides, in February 2003, an investment scheme [Building School for the Future (BSF)] 

wa proposed. Thi scheme wa a long-term progran1me of investment and change in England that 

would help the education for secondary age tudents to be tran formed (DC SF, 2008). The aim of 

this cherne was to rebuild or renew nearly every secondary school in England by 2016. 

It need to be mentioned that primary chool were not included in BSF, but there was a separate 

programme under the name of Primary Capital Programme (PCP) announced in March 2006 

intended to renew or remodel at least half of all primary school buildings by 2022-23 (Every Child 

Matters: Primary capital programme,2006). Although the above inve tment were stopped in 2008 

due to the economic rece ion, ome school underwent construction or remodelling between 2003 

and 2008. 

BSF & PCP schools mainly refer to the chools built under the Primary Capital Programme (PCP) 

and Building School for Future (BSF) schemes which were announced for primary and econdary 

schools in 2003 & 2006 respectively. The PCP and BSF programmes were the fir t wave of chool 

construction/refurbishment ince the huge Victorian and post-war building programmes. One of the 

aims of constructing the e chool was to provide the best environmental condition for schools' 

occupant. 

Ba ed on the e programmes, the Department for Children, Schools and Families (OCSF) expected 

all new schools to meet high tandards of u tainability and energy efficiency. New school 

building and refurbi hment project were required to achieve at least the 'Very Good' rating for 
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schools according to BREEAM. As part of the schemes, the Department expected all new school 

buildings to reduce carbon emissions by at least 60 percent relative to those constructed and 

designed as per the 2002 building regulations (Part L). A simple piece of software, the 'carbon 

calculator' was developed to assist the selection of measures to reduce carbon emissions (Carbon 

calculator, nd.). 

It was hoped that in the longer term (by 2016), new school buildings would be zero carbon. A Task 

Force was appointed to advice on the implementation of this challenging goal demonstrating the 

Government's commitment to significantly reduce carbon emissions (DCSF, 2008). Unfortunately 

these investment programmes were stopped due to the lack of funding as a result of the recession in 

2008. 

BSF and PCP design programmes had to meet a variety of requirements. One of the requirements 

was to provide comfortable environments in schools. Based on these programs, there was a hope 

that a new generation of classrooms would be created to provide better classrooms with the highest 

level of comfort. Although the main principle of constructing these schools is to provide 

comfortable environmental, these schools still fail to provide comfortable environment in some 

cases due to the conflict between comfort factors. 

a) Conflict between comfort factors in PCP and BSF school 

Mumvic et al. (2009) studies the winter indoor air quality, thermal comfort and acoustic 

performance of a newly built secondary school in England followed by BSF investment. Based on 

this research, complex interactions between thermal comfort, ventilation and acoustic comfort are 

studied. Two types of conflict are shown in the research: 

- Conflict between acoustic comfort and air quality: Schools in this research are equipped with 

mechanical ventilation to maintain indoor air quality. The noise level measured inside the 

classrooms when occupants were occupied with a quiet test exceeded 50dB (A), which is far above 

the requirement proposed by BB93. This is due to the result of noise produced by the mechanical 

ventilation. This shows one kind of conflict between air quality and acoustic comfort. 

- Conflict between air quality and thermal comfort: The mechanical ventilation installed to provide 

good air quality, in this situation should provide 8Us per person fresh air but produces cold 

droughts that have a negative impact on thermal comfort. 

Hence it can be seen that although the school has recently been built based on the BSF programme, 

it does not provide a comfortable environment as the comfort factors conflict with each other. 

The BSF and PCP programmes adopted Building Bulletins' environmental comfort guidelines and 

benchmarks in design and refurbishment of schools. The Building Bulletins were published by 

Department for Education and Skills and proposed benchmarks for thermal, lighting, acoustic 

comfort and air quality. In the next pars, the benchmarks prescribed by Building Bulletin are 

discussed and compared with the ones suggested by other guidelines used for schools such as 
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CIBSE. Based on a private communication between the author and a representative of National 

Union of Teacher (NUT), some secondary schools built based on BSF programme have failed to 

provide comfortable (i.e. temperature over 38°C measured by NUT) conditions for occupants. 

2.1.2.6. Result: 

Providing comfortable classrooms has always been a matter of concern for building designers 

during and even after the construction of schools. However their attempts have not been completely 

successful through history. This has mainly been a result of comfort factors conflicting with each 

other for various reasons. The two main causes of conflict is summarised as follows: 

1. Conflict between comfort factors as they are considered separately. 

2. Conflict between comfort factors due to change of conditions over the life of buildings 
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2.1.3. Part Three: The requirements of environmental comfort in school 
design guidelines 

This part of the research concentrates on the requirements of environmental comfort in various 

school design guidelines. 

2.1.3.1. Consideration of the environment and comfort factors in PCP and BSF 

programmes 

As part of the BSF programme, 'School Design Assessment Panel' was intended to help local 

authorities to evaluate the quality of design proposals, support bidders in meeting briefing 

requirements and refining their proposal, and ensuring that design quality remains consistently 

high. The following ten points were proposed by 'Commission for Architecture and Built 

Environment' for a well designed school (CABE, 2007) in a publication called 'Creating Excellent 

Secondary School'. Two of these points (numbers 2 and 8) focused on sustainability and good 

environmental conditions: 

1. A High-quality that inspire users to learn. 

2. A sustainable approach design. construction and environmental servicing. 

3. Good use of the site, balancing the need of pedestrians, cyclists and cars and enhancing the 

school's presence in the community. 

4. Buildings and grounds that are welcoming to both the school and the community while 

providing adequate security. 

5. Good organization of spaces in plan and section, easily legible and fully accessible. 

6. Internal spaces that are well proportioned, fit for purpose and meet the needs of the curriculum. 

7. Flexible design to allow for short term change of layout and use, and for long term expansion on 

contraction. 

8. Good environmental conditions throughout including optimum level of natural light and 

ventilation for the different activities within the buildings. 

9. Well-design external spaces offering a variety of differing settings for leisure, learning and 

sport. 

10. A simple palette of attractive material, detailed carefully to be durable and easily maintained. 

The Design Quality Indicator (DQI) was designed to assists building procurement teams for 

defining and checking the evolution of design quality at key stages in the development process 

(CABE, 2005). The DQI for schools is a version of this tool which is intended to be more 

applicable to the needs of schools and has been adapted from DQI by Department for Education 
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and Skills (DfES) to be used on all types of school projects. The use of DQI for school (DQIfS) 

was mandatory in BSF. DQI for schools (DQIfS) consists of III statements under three main 

headings and subheadings one of which is focused on building quality: 

• Functionality concerning the way in which the school building is designed to be used, and is 

split into Access, space and use 

• Build Quality related to the performance of the school building fabric and split into 

performance, Engineering Service and Construction 

• Impact refers to a building's ability to create a sense of place, and to have a positive effect on 

local community and environment 

Focus on the two factors of environmental condition and energy efficiency in school design has a 

specific position in both school design programme and tool (i.e. 'ten points for a well-designed 

school' and DQlfS) which were proposed following the PCP and BSF programmes. Additionally, 

these two factors have a specific position in other schools design programmes which are explained 

below. 

2.1.3.2. Consideration of the environment and comfort factors in other school design 

programmes 

Sanoff assessment tools: Sanoff et al (2001) introduce two school building assessment tools for 

schools which are the 'Six Factor School Building Assessments' and 'the School Building Rating 

Scale'. 

• The Six Factor School Building Assessment offers individuals and groups a procedure for taking 

a structured walk through and round a building. Observers using this checklist appraise visual and 

special quality in terms of six key elements one of which is comfort. The other elements are 

context, massing, interface, way finding and social space. 

• The 'School Building Rating Scale' is organised into ten categories that are essential components 

for meeting the demands of optimum learning environments. One out of the ten components is the 

study of comfort factors in learning environments. The other components are physical features, 

outdoor areas, social areas, media access, transition spaces, circulation routes, visual appearance, 

safety and security. 

Lang assessment tool: Lang (1996) proposed six general categories including the criteria that are 

essential components for meeting demands of schools. Three out of six categories are allocated to 

the comfort factors which are: 

• Acoustical Quality and Noise control 

• lllumination and Views 

• Temperature, Humidity and Ventilation 
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School design pattern: In addition to the assessment tools discussed earlier, Nair and Fielding 

(2005) in their book, 'The Language of School Design', introduce 25 patterns for design of schools 

in the twenty-first century. These patterns could work as a framework (or generative tool) for 

school design. Two out of the 25 patterns were allocated to comfort factors e.g. day lighting and 

natural ventilation (Nair et aI, 2005). 

2.1.3.3. Result: 

As a result, it can be concluded that the consideration of environmental conditions has always had a 

specific position in all school design guidelines. However, there is no consideration regarding the 

potential conflicts between comfort factors. It is therefore suggested that the environmental 

sections of school design guidelines to be expanded in order to consider the conflict between 

comfort factors. 
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2.1.4. Part Four: Comfort benchmarks 

2.1.4.1. Use of Building Bulletin benchmarks in PCP and BSF programmes 

After reviewing the literatures on school designs tools and programmes, it can be concluded that all 

the assessment tools and programmes were greatly concerned about the necessity of providing the 

comfort factors in order to provide a good and comfortable internal environment. 

It should be noted that necessity of providing comfort factors is not sufficient, but selecting a 

reliable benchmark is also important in order to provide comfort in classrooms. Different 

guidelines for Environmental Design in schools were published by Departments of Education and 

Skills under the names of Building Bulletin 87 (2003), Building Bulletin 101(2006), Building 

Bulletin 93(2003), Building Bulletin 90(2003), etc to help classrooms to meet the required comfort 

levels in the UK. Some of these guidelines are as follows: 

• Building Bulletin 87: Guidelines for Environmental Design in Schools 

• Building Bulletin 90: Lighting Design for Schools 

• Building Bulletin 93: Acoustic design of Schools 

• Building Bulletin 101: Ventilation of school buildings (updated BB87) 

The above Building Bulletin's guidelines proposed for design of schools are utilised to design and 

refurbish many schools in the UK, including those constructed under PCP and BSF programmes. It 

should be noted that the above guidelines are not the only guidelines available for school design but 

more are proposed by CIBSE (2006), BS (2007), and BSRIA (2003) published in UK. 

The differences between Building Bulletins benchmarks (which are widely used) and other 

benchmarks are discussed further in this part. 
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2.1.4.2. Overheating and different guidelines 

A range of overheating guidelines has been in place for a number of years which can be explained 

as follow: 

a) BB87 

According to BB87 which was published in 2003 for school building, a classroom is defined as 

overheated when the internal air temperature exceed 28°C. The guideline allows flexibility of up to 

80 occupied hours in a year, normally in the non-heating periods of May to September excluding 

August. 

b) BBIOI 

These overheating criteria will ensure that the design of future schools is not dictated by a single 

factor, unlike BB87, but by a combination of factors that will allow a degree of flexibility in the 

design of the school. These criteria are only applicable for the cooling season for the occupied 

period (Le. 9:00-15:30, Monday to Friday from 1'1 May to 30th September excluding August which 

is school summer holiday). These criteria are in compliance with Approved Document L2 for 

summertime overheating for teaching and learning areas and are as follows: 

a) There should be no more than 120 hours when the air temperature in the classroom rises above 

28°C. 

b) The average internal to external temperature difference should not exceed 5°C (Le. the internal 

air temperature should be no more than 5°C above the external air temperature on an average). 

c) The internal air temperature when the space is occupied should not exceed 32°C. 

In order to show that the proposed school will not from suffer overheating, two of these three 

criteria must be met. 

c) CIBSE 

Two temperature thresholds have been defined by CIBSE Guide A (2006) for schools: a lower 

temperature threshold, which is taken to indicate when occupants will start to feel 'warm' (above 

25°C) and higher threshold temperature, which is taken to indicate when occupants will start to fill 

'hot' (above 28°C). However, to define a fixed measure of 'overheating' an excess of more than 

1 % of occupied hours in a year over the higher temperature benchmark is adapted to indicate a 

failure of the building to control overheating risk (CIBSE Guide A, 2006). 

The formation of an overheating taskforce by CIBSE is in part a recognition that there are problems 

with the use of a fixed, nationwide threshold temperature and 'hours over' criterion, which are as 

follows: 
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• According to Humphreys and Nicol (1998), comfort adaptive temperature varies in accordance 

to outdoor running mean temperature and therefore is not fixed. 

• The aBSE criteria fail to recognise the severity of overheating which is as important as its 

occurrence (Nicol et ai, 2009). 

• Two criteria were developed by CEN Technical committees in BS EN15251 (2007) which 

considers both discomfort occurrence and severity: cooling degree-hours measure and a 

weighted measure based on Predicted Percentage Dissatisfaction (PPD). However, the PPD has 

been argued to be an unreliable indicator in naturally ventilated buildings according to 

Humphrey and Nichol (Nicol et al, 2009). 

• As overheating evaluation for buildings is based on a fixed threshold depending on the number 

of occupied hours above threshold, therefore by changing the number of occupied hours, the 

result can be altered to solve the overheating problem, which is totally unrealistic (Nicol et aI, 

2009) and deceiving. 

• Based on the fixed temperature threshold, it is debateable whether overheating should be 

measured over a whole year or a shorter period during a year (Nicol et aI, 2009). For example, 

based on the CIBSE overheating is measured over a whole year and based on BB 101 and BB87, 

it is measured on the duration of cooling seasons (May to September excluding August). 

For all above reasons, some other criteria are presented that are explained as follows: 

d) British Standard 

Alternative criteria are presented by British Standard [based on survey of thermal comfort in 

European buildings and first proposed in CIBSE Guide A (2006)] for thermal comfort in naturally 

ventilated building using an adaptive thermal comfort model. 

According to these criteria, thermal comfort is not a fixed temperature and varies according to 

recent climate conditions (e.g. over selected previous days). The criteria links comfort temperature 

to 'running mean temperature' (Trm). The running mean is calculated from the external 

temperature over the preceding days, with weightage taking into account the greater influence of 

the most recent day, using the formula below where the mean outdoor temperature exceeds lOoC. 

Tc=O.33Trm + 18.8 

The following graph (Graph 3-1.3) shows the comfort temperatures as a function of outdoor 

temperature (CIBSE, 2006): 
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Graph 2-1. 1: Comfort temperature as a function of outdoor running means temperature 

(CmSE, 2006) 

British Standard proposes that there is a maximum allowable difference from comfort temperature 

as it is shown in the following table (Table 3-1.2). 

Cawgory Explanation SuggesWd 8CC8pCJ1b1e runge 

I 

II 

DI 

IV 

High level of expeclluioo only used for spaces occupied by very senstive and fragile pe"ons ,uK 

Normal expectation (for new buildings and renovations) :t3K 

Moderate expectation (used for etilling buiklings) i4K 

Vahles outside the criteria fa- the above categories (only acceJXllb\e fa- a limited periods) 

Source: Sruh Standards (8SI) (2007e). 

Table 2-1.1: Suggested applicability of the categories and their associated acceptable temperature range. 

(British Standard 2(07) 

e) Percentage of discomfort by occupants 

Nicol and Humphreys (2007) suggest that occupants' discomfort is related to 6T by applying a 

weighting factor which reflects the non-linear relation hip between heat di scomfort (percentage of 

overheating by occupant) and departure from the comfort temperature which is observable in the 

following graph (Graph 3-] .4). The percentage of di scomfort can be calculated from the following 

formula: 

e(0.47H.lT 2.(,071 

p = (1 + e,0.4H4.lT 2(071) 

In the above formula, 6T refers to the differences between recorded temperature and calculated 

'Tc=adaptive thermal comfort' . Tc is affected by ' thermal running mean temperature' and 

calculated from the equation Tc=O.33Trm+18.8. 'Trm' refer to the thermal running mean 

temperature and CEN Standard EN15251 (2009) gives an approximate calculation method (for 

Trm) using the mean temperature for the last 7 days (ex = 0.8) . 

Trm - (Tod - J + 0.8 Tod -2 + 0.6 Tod -3 + 0.5 Tod -4 + 0.4 Tod -5 + 0.3 Tod -6 + 0.2 Tod -7)/3.8 
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Graph 2-1.2: The proportion of subjects voting warm or bot on the ASHRAE scale as a function of the difference 

between the indoor operative temperature and CEN comfort temperature, (Nicol et aI, 2009) 

This alternative criterion proposed by British Standard and further developed by Nicol regarding 

the percentage of overheating by occupants is only valid for spaces engaged in mainly sedentary 

activities such as offices, classroom etc (Nicol et al, 2009). 

In summary, the guidelines can be divided into two different categories: Adaptive & Fixed 

approach. 

Fixed approach for thermal comfort is the more popular approach. This approach considers 

28°C as a benchmark for overheating in a classroom. CmSE, BB 1 01 and BB87 all accept this 

threshold as an overheating benchmark however each define different conditions which are to 

be met before a classroom can be considered as overheated. 

Adaptive approach for thermal comfort is the most recent approach which shows that the 

temperatures at which majority of people are comfortable varies with the running-mean of the 

external temperature. 
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2.1.4.3. Comparing UK overheating guidelines for school: 

Below, the BB 101 overheating criteria are compared with the BB87 and CIBSE: 

ill the UK, primary school children attend school from Monday to Friday between 0900 to 1530 

hours. The number of hours that children go to school during an academic year is calculated as 

follow: 

The following table (Table 2.l) shows the holidays according to the Student Calendar in an 

academic year. 

Autumn term Spring term Summer term 

I week off as half term I week off as half term 1 week off as half term 

2 weeks off as Christmas holiday 2 weeks off as Easter holiday 2 weeks off as Summer holiday 

Table 2-1 .2: HoUdays according to the Student Calendar in an academic year 

Based on Table 2.1, it can be concluded that students in a London Primary School have 13 week 

off during an academic year. There are 52 weeks in a year. A the result students attend school for 

over 39 weeks (Table 2.2). 

Weeks off Weeks spent at school 

13 39 

Table 2-1.3: Number of the weeks that ch.ildren spend at school 

Number of the days that children attend school in one academic year can be calculated by 

multiplying 39 (i.e. number of the weeks that children attend chools) by 5 (i.e. Number of days 

that children attend chool in a week) which come up to 195 days. Number of hour that students 

attend school in one academic year can be calculated by multiplying] 95 (i.e. number of hour that 

children attend schools in one academic year) by 6.5 (i.e. number of hours that children spend at 

school in a day) which result in 1274 hours. 

Numbers of hours students spend at school in an academic year: 1274 hrs 

Total number of hours that children attend school in May and September excluding Augu t is 

422.5. 

Numbers of hours student spend at school in May-Sept excluding August: 422.5 
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As mentioned earlier, if I % of indoor occupied hours in a year exceed 28°C in schools, the school 

has failed to control the overheating risk. One percent of indoor occupied hours is nearly 13 hours 

(12.74). In the other words, if the indoor temperature exceeds the threshold for only 13 hours 

during one academic year, the school suffers from overheating based on CIBSE criteria. In 

contrast, if the indoor temperature of a classroom exceeds 80 hours during summer term (May-Sep 

excluding August), the classroom experiences overheating based on BB87, while this amount 

increases to 120 hours based on BBlO1. Although, BB101 is the updated version of BB87, it is 

more flexible. 

2.1.4.4. Air quality and different guidelines 

A variety of air quality guidelines has been in place for a number of years in the UK which are as 

follows: 

BB87IBBIOl: According to BB87 which was published in 2003 for school buildings, a classroom 

is naturally ventilated if the minimum ventilation rate is 3 Us/p with the capability of reaching 8 

Us/p (BB 87). The BB 101 which is the updated version of BB87 and was published in 2006 added 

one more condition to the previous conditions. This is the provision of the minimum daily average 

of 5 Us/p (BBlO1). BB101 is currently used to design and refurbish schools in the UK. The 

minimum 3 Us!p ventilation rate is open to misinterpretation as it does not confirm the 

circumstances and the type of activity for which this rate is required (Lugg & Batty, 1999). 

CIBSE: The CIBSE Guide B is a clearer guideline regarding the ventilation rate and clarifies the 

relationship between the type of activity and requirement of ventilation rate. According to the 

CIBSE Guide B published in 1986, the recommended ventilation rate for schools is at least 8.3 

Us!p. However, this benchmark was amended in the updated version published in 2005 and became 

more relaxed as the minimum ventilation requirements was confirmed to be 3Us! person with the 

capability of 8Us! person (CIBSE Guide B. 2005) .. 

BSRIA: According to The Building Services Research and Information Association (BSRIA) 

Guide 4th edition published in 2003, the requirement of ventilation rate is 8 Us/person (BSRIA, 

2003). 

CO2 maybe regarded as an alternative indicator of ventilation rate, in some cases the above 

guidelines are proposed based on the CO2 level in the air. For example, based on BB 101 criteria, 

classrooms should meet all the following criteria in order to be identified as classrooms having 

good air quality: Firstly, the average concentration of CO2 should not exceed 1500 ppm during 

occupied hours. Secondly, the maximum concentration of CO2 should not exceed 5000 ppm during 

a teaching day. Thirdly, at any occupied time, the occupants should be able to reduce the 

concentration of C~ to lOOOppm. Based on the BSRIA, the threshold level for an acceptable 

indoor air quality is 800ppm without mentioning the type of usage. 
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By caparisoning DfEE guidelines (BB 87 & BBIOl) with CIBSE Guide Band BSRIA, it can be 

concluded that the BB87 and its updated revision BB 101 which are currently used in refurbishment 

and redesign of schools are the most relaxed benchmarks regarding the air quality. 

2.1.4.5. Result: 

It can be seen that BB 101 is more flexible than BB87 in terms of overheating criteria. and BB87 is 

a more flexible than CIBSE. In the analysis part of this study, these criteria are compared with each 

other based on real data. In addition, the DfES guidelines (BB79 & BB101) are more flexible than 

the CIBSE and BSRIA Guidelines in terms of air quality criteria. Construction and refurbishment 

of schools' classrooms based on BB101 could be the reason that they experience overheating and 

poor air quality. In other words, there is a risk that newly constructed or refurbished schools based 

on BB101 could suffer from overheating and poor air quality as the Building Bulletin criteria 

(BBlOl) is the most relaxed criteria in comparison with the others. 
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2.1.5. Part five - Conclusion: 

As explained in the first part of this chapter, thermal, lighting and acoustic comfort, and air quality 

have significant impacts on students' health and academic performances. In the second part of this 

chapter, it was explained that classrooms could not have offered all of the comfort conditions 

simultaneously in the UK school construction history, as there are conflicts between different 

comfort conditions. 

In the third part, it was explained that environmental conditions have always been considered in all 

school design guidelines however no reference has been made to the potential conflicts between 

comfort factors. 

In the fourth part, it was explained that one of the reasons that classrooms cannot offer a good 

environmental conditions may be that the relaxed benchmarks have become the basis for school 

design. 

As a result of this part, the causes of poor environmental condition can be summarised as follows: 

• Poor environmental conditions as a result of conflict between comfort factors 

• Poor environmental conditions as a result of using relaxed benchmarks 

2.1.5.1. Poor environmental condition as a result of conflict between comfort factors 

The causes of conflict between comfort factors which lead to unpleasant environmental conditions 

are summarised and solutions are discussed as follows: 

a) Conflict between comfort factors as they are considered separately 

One of the reasons for conflict between comfort factors is that they are usually considered 

separately while comfort factors are interrelated. So it can be concluded that to overcome the 

conflict between comfort factors, they should be assessed from all aspects and in conjunction with 

each other in the early stages of building design. Oral et al (2004) propose the following design 

process which can be used to overcome the conflict between comfort factors: 
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Figure 2-1.17: Design process of the building envelope with respect 

to thermal. acoustic and lighting comfort (Oral et aI. 2003) 

b) Conflict between comfort factors due to the change of conditions over the life of 

the building 

The lack of appropriate forecasts and estimation and failure to review the environmental changes 

and their impact on classrooms' indoor environment in the long run is another reason for conflict 

between comfort factors and consequently the lack of long term comfort conditions. The following 

examples highlight some of the conflicts: 

• Example 1: Schools which were built 70 years ago (circa 1930's) in the Hounslow area relied 

on the use of natural ventilation through windows at the time of construction. At that time, the 

Heathrow airport was not as busy as it is nowadays and occupants of these schools could easily 

rely on this means of ventilation. However at the present time, these schools cannot rely on 

opening windows for natural ventilation as Heathrow Airport has been expanded and produces a 

high level of aircraft noise in this region. 

• Example 2: Current schools will have the potential to experience overheating in coming decades 

due to the impact of global warming. Constructing a school based on the weather data of the 

current decade may result in overheating in the following decades. Hence schools should be 

designed in such a way that they can be compatible for future climates. 
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It is recommended that in the first stage of design, excessive care should be taken in order to 

estimate the impact of developing infrastructures and changing environment on classrooms' indoor 

environment for the life time of the buildings. 

2.1.5.2. Poor environmental conditions as a result of using relaxed benchmarks 

The third important factor that should be taken into account is the use of relaxed benchmarks, 

which are used to design schools in order to provide comfort conditions. Designing a building 

based on relaxed benchmarks could be the reason that a building loses its capability to provide 

good environmental conditions for occupants. For example, based on the discussions in the 

previous section, the BB101 which is currently used to design school buildings is found to be the 

most relaxed benchmark in comparison with other benchmarks. Therefore, the schools which are 

designed for thermal comfort and air quality based on this guideline may not provide good 

conditions for their occupants and hence they may be required to be revised. It should be noted that 

guidelines regarding acoustic comfort which were proposed in BB87 were revised under the 

Building Bulletin 93. The BB93 proposes stricter guidelines in comparison to BB87. 
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Chapter: 2.2. Analysis: 

Overview: 

This chapter is conducted in two parts. Part one studies the importance of comfort factors and its 

relation with teachers' and students' health based on teachers' perception. Part two focuses on 

identifying the most reliable overheating models for the UK schools design. 

2.2.1. Part one: The importance of comfort factors in classrooms based 

on teachers' perceptions. 

Analysis· The relationship between various environmental factors with students and 

teachers' health and also students' academic achievements based on the subjective 

survey 

As per the discussion in the literature review in the previous sections. it can be concluded that 

environmental conditions have a significant impact on the occupants' performance and health. A 

pilot ubject study is carried out in order to re-assess this fact in this study. 

Through questionnaires (Appendix 2.1) filled out by teachers, classrooms' comfort level, teachers' 

and students' productivity and also teachers' health were evaluated based on the teachers' 

perceptions (self-as es ments) in the summer of 2007 & 2008. 

In the following section, the relationship between overall comforts inside the cia rooms is studied 

against the tudents ' and teachers' productivity and also teachers' health. 

2.2.1.1: Students' productivity versus Classrooms' overall comfort 

In the questionnaires, teachers were asked to rate the students' productivity from one to nine and 

also the cia sroom ' overall comfort from one to seven (Figure 2-1.18) . 

• Please estimate how )IOU think ~uden" ~ at cia_com • 
decreased or increased by the erMronmemal conditions in tile classroom? 

. - "--................. .-
Productivity 

. . 
.... ..... 2ft ...... • • ~.2OIio.,.,. "" Productivity 

Decreased by .. . ['_tJ'-LJJe 1 I' .l ~ Increaaed by ... 

• All things considered. how do you rale the over •• comfort of the claesroom 

.......... • .... ,.... ..... M .. 

Unsatisfactory 
1 i -. " -. LI' Sati5fac1ory 

I 

Figure 2-1 .18: Part of questionnaire 
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Regression analysis is carried out between teachers' perceptions of classrooms' overall comfort and 

students' productivity (Appendix 1O.l.a). The result of the regression shows that the classrooms' 

overall comfort can be one of the predictors for students' productivity (P<O.05, r=O.388). 

The following graph (Graph 2.1) shows the students' productivity against the cia rooms' overall 

comfort. As it can be seen, the higher overall comfort, the higher the perceived students' 

productivity and vice versa. 
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Graph 2-2.1: Students' productivity vs classrooms' overall comfort 
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2.2.1.2: Teachers' productivity versus Classrooms' overall comfort 

In the questionnaires, teachers were asked to rate their productivity from one to nine and also the 

classrooms' overall comfort from one to seven (Figure 2-1.19) . 

• Please estimate how you think \lOut' Droductlvilv at classroom is 
decreased or incteased by the environmental conditions on the classroom ? 

.~ ..... 1Idl .. (fIOI'It ........ 4O'If. 
w • 

Productivily _ ._."",.,.,. 0 ., .... -.._... ProdUClivily 

Decreased by.. . it 12 I' I' :' ~ I' il I" I Increased by n • 

• All tIIlngs conSIdered, how do you rale III .. overall comfort of til .. classroom 

Un18lis1aclory It I' I' ;. I' I" I' : SelisfaclOf)' 

Figure 2·1.19: Part of questionnaire 

Regression analysis is carried out between teachers' perceptions of classrooms' overall comfort and 

teachers' productivity (Appendix 1O.l.b). The result of the regression shows that the classrooms' 

overall comfort is a predictor for students' productivity (P<0.05, r=0.462). 

The following graph (Graph 2.2) shows the teachers' productivity agrunst the classrooms' overall 

comfort. As can be seen, the higber overall comfort, the higher the perceived teachers' productivity 

and vice versa. 

+-----~·'l.l'·<o>a---_a---
It'-O.lua ....... = ................. :'!"' •••••• ••• 

.............. -.................... -.. - -

1 +----O----~~---~-~---4-~-----O---~ 

3 4 s 

c.. .... _ ""..nc • ...r.t lala "'1008 
(I-U~ :'-s.tiJfacIDIy) 

o Telldu!rs' procluctiril.y V1OO ... nl1 comfort 

...... rm.,u(Te .. ches'pmclw:tivtty vso.·....n comfort.) 

Graph 2·2.2: Teachers' productivity vs clas rooms' overall comfort 
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2.2.1.3: Teachers' health versus Classrooms' overall comfort 

In the questionnaires, teachers were asked to rate their health from one to seven and also the 

classrooms' overall comfort from one to seven (Figure 2-1.20). 

• Do you feel less or more health when you are in the classroom? 

Less healthy 11 12 
1
3 !" I~ I' I' I More healthy 

• All things considered, how do you rate the overall comfort of the classroom 

...................... It. 
Unsatisfactory I' ~J' • 15 • I' , Satisfactory 

Figure 2-1.20: Part of questionnaire 

Regression analysis is carried out between teachers' perceptions of classrooms' overall comfort and 

teachers' health (Appendix lO.l.c). The result of the regression suggests that the classrooms' 

overall comfort is one of the predictors for students' productivity (P<05, r=0.418). The following 

graph (Graph 2.3) shows the teachers' health against the classrooms' overall comfort. As can be 

seen, the higher the perceived overall comfort, the healthier are the teachers and vice versa. 

7 ~--------------------------------------~------, 

6 +-----------------------~----------------------~ 

~ +-----~~--------------~------~------~------~ 

1 +-----~ __ ------~------~--------------~------~ 

1 __ -----4~----~------~------~------~----~ 
1 3 4 

0 ....... ", .. w-ne<>mfart ",20g~a:lDnB 
(J-U-.r..tu.y 7-S.ti .... ctD.y) 

, 

Graph 2-2.3: Teachers' health vs. classrooms' overall comfort 
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2.2.1.4: Result . Summary of the relationship between students' academic 

achievement and wellbeing with environmental conditions 

From the literature review and the subjective survey carried out using real data, it can be concluded 

that the classrooms' environmental condition plays a crucial role on the occupants' performances 

and also teachers' health. 

65 



2.1.2. Part two - Identifying the most reliable overheating models 

The aim of this part of the research, which is carried out in three parts, is to compare the 

overheating models with each other in order to identify which one of them is more reliable and 

represents the occupant's voice. For this reason, firstly the current UK design guidelines for 

thermal comfort are compared with each other using real data (indoor temperature data) which have 

been collected from schools. Secondly, the relationship between occupants' perceptions regarding 

thermal comfort are compared with the adaptive and fixed thermal comfort models. Finally, the 

percentages of dissatisfaction from overheating are calculated for each school as one of the most 

reliable tools to assess overheating. 

2.1.2.1: Stage one: Comparing the current UK design guidelines for thermal comfort 

In this part, a comparison is carried out between the fixed overheating models which are propo ed 

by Building Bulletin (i.e. BBI01& BB87) and Charted Institution of Building Services Engineers 

(CIBSE). 

In order to compare different overheating models with each other, the risk of classrooms from 

various schools being overheated according to fixed models (i.e.BB87, BB101 and CIBSE) are 

calculated for the duration of the study (Appendix 4). Table 2-2.1 shows the duration of studies in 

2005,2007 & 2008. The amounts of occupied hours within these durations are 202 hours for each 

year. 

Table 2-2.2 shows the risk of classrooms (total on 139 clas rooms) from various schools being 

overheated according to different fixed models. As can be seen from this table, none of the 

classrooms are overheated based on BB 101. Overheating experiences vary according to BB87 and 

CIBSE. As can be seen from Table 3, in the years of 2007 and 2008, onJy 'one out of seventeen' 

school is overheated when evaluated on CIBSE, and non when evaluated on BB87 and BB 1 0] ; in 

2005, 'six out of eight' schools when evaluated based on CIBSE and 'one out of eight' when 

evaluated based on BB87 and none based on BBI01. 

2008 2007 2005 

Month 
O.ys 

Month 
O.ys Month O.ys 

Mon Tue Wed -Frl SIt Sun -T .. -Tho FrI Sot Sun Mon Tue Wed -FrI Sol Sun 

9 10 11 12 13 14 15 11 12 13 14 15 16 17 15 16 17 18 19 20 21 
Jun 16 17 18 19 20 21 22 Jun 18 19 20 21 22 23 24 Jun 22 23 24 25 26 27 28 

23 24 25 26 27 28 29 25 26 27 28 29 30 1 29 30 1 2 3 4 5 

30 1 2 3 4 5 6 2 3 4 5 6 7 8 6 7 8 9 ]0 11 12 

July 
7 8 9 10 11 12 13 

1_ 15 16 17 18 19 20 
July 

9 10 11 1.2 13 14 ]5 

] 6 ]7 18 19 20 21 27 
July 

13 14 15 16 17 ]8 19 

20 21 22 23 74 25 26 
21 23 27 

Table 2-2.1: Duration of study in year 2005, 2007 & 2008 
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Cold summer of 2007& 2008 (when compared with 2005) was the reason for a big gap between 

occurrences of overheating in 2005 and 2007/2008. The following pie-charts (Graph 2-2.4) show 

the share of occurrence of overheating in clifferent schools based on Fixed models (derived from 

Table 2-2.2). 

criteria 
Year ~------------~~~~~~~~------------~ 

2008 

2007 

2005 

Graph 2-2.4: Percentages of overheated and non-overheated classrooms 

As per Graph 2-2.4, it can be concluded that the Builcling Bulletin criteria (BBIOl ) which is 

currently used as the design benchmark for school is the most relaxed criterion. CIBSE i the most 

stringent one among the fixed models. In fact, BB 101 is more relaxed than BB87, and BB87 is 

more relaxed than CIBSE. 

This could be one of the rea ons that the classroom which are designed! refurbished based on this 

criterion could experience overheating. Ba ed on thi s part of the study, it can be suggested that 

BBIOI benchmark should be revised. As there are two models for as essing thermal comfort (i.e. 

fixed and adaptive), the next stage focuses on the asses ment of the models to identify tho e which 

are closer to occupants' feeling. 
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2.1.2.2: Stage two: Study the relationship between the adaptive and fixed thermal 
comfort models with schools occupants' perceptions regarding thermal comfort 

In this part, a comparison is carried out between the teachers' perceptions of classroom overheating 

against the evaluation of overheating based on fixed and adaptive models, in order to establish the 

accuracy level of the models. In this part, two methods are applied to determine which of the 

overheating models are closer to the teachers' votes (perception) regarding thermal comfort and 

consequently is more reliable. 

- First Method: Compare the teachers' votes with overheating dissatisfaction 

This section of the research was carried out in the following 3 section : 

Section One: Subjective survey was carried out in 2007 & 2008. In these survey, the teachers were 

requested to score their comfort level during summer terms (June & July) on a 7 scale Likert scale 

for their classroom. One representing comfortable and seven representing uncomfortable. 

Thermal comfort Uncomfortable r 7 l Comfortable 

Figure 2-1.21: Part of questionnaire 

Section Two: The occupied indoor temperature for each classroom is compared with the fixed and 

adaptive thermal comfort for the duration of the tudy in 2007 & 2008. Fixed thermal comfort is 

considered as 25°C. This is a temperature that occupants starts to feel warm according to mSE 

criteria. The occasions that indoor temperatures for each day in each classroom exceed 25°C are 

calculated and the results are added together for each classrooms and then for each school. 

The adaptive thermal comfort varies for each day. The adaptive thermal comforts for each day in 

2007 and 2008 which is calculated from the following formula are shown in Table 2-2.3. 

Tc= 0.33 Trm + ] 8.8 

The occasions that an indoor temperature for each day in each classroom exceeds above the 

adaptive thermal comfort are calculated and the re ult are added for each classrooms and then for 

each school. 
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Day Mon Tue Wed Thu Fri Mon Tue Wed Thu Fri Mon Tue Wed Thu Fri Mon Tue Wed Thu Fri Mon Tue Wed Thu Fri Mon Tue Wed Thu Fri Mon 

00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 
<:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> 
<:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> = = = = = = = = 

Date 
C'l C'l C'l C'l C'l C'l <'I <'I <'I <'I <"'I <'I <'I <'I C'l <"'I <'I C'l <'I <'I <'I <'I <'I <'I <'I C'l <'I <'I <'I <"'1 <"'I -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --\Q \Q \Q \Q \Q \Q '-C '-C \Q \Q \Q \Q \Q '-C \Q \Q r- r- r- r- r- r- r- r- r- r- r- r- r- r- r-

ae <:> <:> = = = = = = = = <:> = = = = = = = = = = = = = <:> <:> = = = = = c:::> -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --0- <:> - C'l ...., \Q r- oo 0- = ...., ~ .,., \Q r- = - C'l ...., ~ r- oo 0- = - ~ .,., \Q r- oo ...... 
c:::> <:> - ...... ...... - ...... ...... - - C'l C'l C'l <'I C'l C'l ...., = = = = = = = - - ...... ...... ...... - - C'J 

~ 

Mean Tout 21.0 19.2 16.4 13.2 13.4 14.4 16.0 15.4 17.0 15.3 16.7 17.4 17.8 16.4 17.5 17.4 20.3 17.5 16.3 16.4 15.1 16.0 15.1 17.2 16.0 18.4 20.6 17.7 16.4 16.9 16.0 

Tnn 16.7 17.5 17.9 17.6 16.7 15.6 15.3 15.5 15.5 15.8 16.3 16.3 16.5 16.8 16.7 17.3 17.4 17.9 17.9 17.5 17.1 16.7 16.6 16.3 16.5 15.9 16.4 17.3 17.3 17.2 16.9 

Tc 24.3 24.6 24.7 24.6 24.3 23.9 23.9 23.9 23.9 24.0 24.2 24.2 24.3 24.3 24.3 24.5 24.5 24.7 24.7 24.6 24.4 24.3 24.3 24.2 24.2 24.1 24.2 24.5 24.5 24.5 24.4 
c: (1.) "0 = c: ., "0 = c: ., "0 = c: ., "0 = c: ., -0 = c: ., "0 = c: 

Day 0 = (1.) ..c:: ..... 0 = ., 
..c:: ..... 0 = ., ..c:: ..... 0 = (1.) ..c:: ..... 0 = (1.) ..c:: ..... 0 = .., 

..c:: ..... 0 

:2: E- ::;;:: E- ex. :2: E- ::;;:: E- u... ::::2 E- ::;;:: E- u... :2: E- ::;;:: E- ex. :::E E- ::;;:: E- ex. ::::2 E- ::;;:: E- u... :::E 

r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r-= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = <:> = = = = = = = = = = = <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> 

Date 
C'J C'l <'I <'I C"'l C"'l C'J C"'l C'J C'l C"'I C"'I C"'l C"'l ~ C'l <'I C"'l C"'I C"'l C"'l C"'l C'l C'l C"'I C'l C"'l C"'l C"'l C"'l C"'I -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --r- \Q \Q '-C \Q '-C \Q '-C '-C '-C \Q \Q \Q \Q '-C \Q r- r- r- r- r- r- r- r- r- r- r- r- r- r- r- r-

c:::> <:> <:> <:> <:> <:> <:> <:> <:> <:> <:> = ~ ~ ~ ~ = = = = = = = = = = = = = = = = -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --c:::> - <"'I ...... ~ .,., 00 0-. = ...... <"'I v-. \D r- oo 0-. <"'I ('<") ~ .,., \Q 0-. = - <'I ...., \Q r- oo 0-. = ('<") 

~ - - ...... ...... - ....... ...... C"'l C"'I C"'l C"'I C"'l C"'l C"'l C'l = = = = = = ....... ....... - ...... ....... .- ...... ....... C"'l C"'l 

Mean Tou1 18.4 18.6 18.2 18.1 17.1 16.0 18.6 18.1 17.0 15.7 13.8 13.5 14.1 14.8 17.3 16.0 15.5 15.5 16.1 16.3 14.8 15.3 16.7 18.3 19.0 19.4 17.4 18.1 17.5 16.8 16.0 

Tnn 17.5 17.7 17.9 17.9 18.0 17.2 17.0 17.3 17.5 17.4 16.3 15.8 15.4 15.1 15.0 16.0 16.0 15.9 15.8 15.9 16.1 15.9 15.7 15.9 16.4 17.8 18.1 17.9 18.0 17.9 16.9 

Tc 24.6 24.6 24.7 24.7 24.7 24.5 24.4 24.5 24.6 24.5 24.2 24.0 23.9 23.8 23.8 24.1 24.1 24.0 24.0 24.0 24.1 24.0 24.0 24.1 24.2 24.7 24.8 24.7 24.7 24.7 24.4 

Table 2-2.3: Mean outside temperature, Mean runing temperature and thermal comfort for the duration for duration of study 
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Section Three: Two regression analyses were carried out between the results of the above: 

Between the teacher' vote and the percentage of occasions that indoor temperatures exceed 

the fixed thermal comfort (i.e. greater than 25°C) for 2007 & 2008. 

• Between the teachers' votes and the percentage of occasions that indoor temperature exceed 

the adaptive thermal comfort (Tc = 0.33 Trm +18.8) for 2007 & 2008. 

The results show that the teacher' votes on their satisfaction with indoor temperature (comfortable 

and uncomfortable) have a correlation (R) of 0.64 where the indoor temperatures exceed the 

adaptive thermal comfort, while this correlation is reduced to 0.46 when the indoor temperature 

exceed the fixed thennal comfort in the year of 2007 & 2008 (Appendix 10.2). 

In other words, a regression analysis between the teacher' vote on the indoor temperature with 

the occurrence of overheating based on different overheating criteria shows that there is a higher 

relation between teachers' votes with the adaptive thennal comfort than the fixed thermal comfort. 

Graph 2-2.5 hows the correlation between teachers' votes and the percentages of occasions that 

indoor temperatures exceed adaptive and fixed thermal comfort. 

i 
40 

u Ie )( 

Ii 35 "---

e~ 

!i x , 
30~ --- ", x g-u 

" DO; 25 ~ t= X ,-'1C 
~ Ii 

" 
o _ 

= 6.4.- 12.45 6 ,' in:: 20 r-'-1l R' = OA051,,~ . )( 
-£iii: " ·§i 15 ",,' I x, 

~ ~ 
,~ 

1. 0 ,,' )( 
0 °"=; 

'-fi- t " 0.., a ~< 5~ 
!! 

8 0 6 0 
b 0 ---

0 
0 

"" 2 3 4 5 , 7 

Tndl~'V.t~ 

o FIIOId x Adopdw - u...{FIIOId) - - Unur{Adopdw) 

Graph 2-2.5: Relation between teachers actual feeling with the occasions that indoor 

temperature exceeds adaptive and fixed thennal comfort 

As it can be een from Graph 2-2.5, there is a higher correlation between the percentage of 

occasions that exceed adaptive thermal comfort (R=O.64, P<O.OS) than the fixed thermal comfort 

(R=0.46 . P<O.S). 
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- Second method: Distribution of indoor temperature 

The first method has proven that the adaptive model is a better criterion than the fixed model for 

assessing overheating in classrooms. 

The di stribution of indoor temperature is an alternative way to compare the teachers' votes on 

overheating with the fixed and adaptive model. 

The average di stributions of 15 schools' indoor temperatures are shown in the Graph 2-2.6 and 

Graph 2-2.7 for the years of 2007 & 2008. As can be seen, only a smaIl portion of the indoor 

temperatures exceeded 25°C (7% in 2007 and 10 % in 2(08) & none exceeded 28°C for the 

duration of the study. 
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Graph 2-2.6: The average distribution of 56 classrooms' indoor temperatures in 2007 
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Graph 2-2.7: The average di stribution of 58 classrooms' indoor temperatures in 2008 
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Consequently, the occupants of these schools should not significantly have felt thermally 

uncomfortable if evaluated on the basis of the fixed model. But the results of the questionnaires on 

thermal comfort show that the teachers were significantly thermally uncomfortable in June and July 

of the years 2007 & 2008 based on the Graph 2-2.8 and Graph 2-2.9. The graphs show a tendency 

towards uncomfortable in 8 out of 9 primary schools which proof of this claim (above the scale of 

4). 
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Graph 2-2.8: Teachers' comfort level toward thermal comfort in 2007 

o 

Graph 2-2.9: Teachers ' comfort level toward thermal comfort in 2008 

From the first and second method, it can be concluded that the fixed model does not significantly 

represent the teachers' voices. 

As a result of this part, it can be suggested that occupants' feelings about thermal comfort is more 

related to the adaptive thermal comfort rather than fixed. For this reason, it is recommended that 

thermal comfort benchmarks to be revised based on adaptive model rather than fixed model. 
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2.1.2.3: Stage three: Comparing the indoor temperatures with adaptive model 

As it is shown in the first part of the study, the current UK thermal comfort benchmark for 

school (BB 101), is the most relaxed one among the fixed thermal comfort benchmarks 

(BB87 and CIBSE). In the second part of this study, it is shown that there is a higher 

relation between teachers' votes regarding thermal comfort with the adaptive thermal 

comfort rather than fixed thermal comfort. In this part, indoor temperatures are compared 

with the Nicol's criterion which is designed based on the adaptive model. In his theory, it 

is possible to calculate the percentage of people who may overheat and the result can be 

used to categorise classrooms to highly overheated, moderate overheated and low 

overheated. 

Table 2-2.4 shows the predicted percentages of occupants who are overheated (thermal 

dissatisfaction) inside each classroom of various schools based on Nicol formula. 

74 



'-J 
V1 

;J> 
Q. ., 

'"0 
~. 
(1) 

8 
8. 
g. .r 
g. 
g 
'" 
'" g. 
0 
0 
<;;" 

~ 
'" '" ..., ., ~ . 

0- li}-

" ';"' 
s-

N 
~ .. 
Vl 

8. 
'< 
0 ..... 
S-
(1) 

'"0 

8 
g 
S 

(JQ 
(1) 

'" 0 ..... 
g 
g 

'"0 ., 
'" 0:. 
g, 
'" '" ., 
g. 
;: 
n a . 
0 
::0 

i:1' 

~ 
0 
<: 

[ 
",. 

'" (/Q 

0-e; 
8-
0 

'" 

~ Q 
~ S" ... 

;s::: 

t 
i ~ 

S! 
S! t i &. 
~ 
Q.. ~ 

~ 
g:; 
J/\ g: RP 
/\ 
";Je. 
:::; 

S! 

~ a. 

2005 

-I::S:: \ .; 
5' = ii 

2007 2008 

~~ a g ... -",-
Iiounslo-..v 

",cllington 

CrHnf"ord 

~rovc Koud 

A •• t:lrc~" 

STMM 

Ilesto .. 

I~os .. ry 

Fclth ... n 

Pools 

An.bler 

No~vo.,d 

Ludy 

Ilu .. ~erf".,rd 

St.Gildus 

I ' I' I ' ICrcen church 



As can be seen from Table 2-2.4, classrooms are categorised into the following groups based on the 

percentage of occupants' dissatisfaction from overheating. 

- Highly overheated classroom: refers to the classrooms in which more than 10% of occupants 

feel overheated. 

- Moderately overheated classroom: refers to the classrooms in which 6% to 10% of occupants 

feel overheated. 

- Low overheated classroom: refers to the situation in which less than 6% of occupants feel 

overheated. 

The above is based on normal level of expectation in new or renovated building with occupants 

who are not sensitive and fragile (Le. handicapped, sick, very young children and elderly persons). 

In a condition that a classroom is occupied by very sensitive and fragile persons with special 

requirement like handicapped, sick children, a higher level of expectation is required. In this 

condition, a classroom is highly overheated if only 6% of occupants feel overheated. 

In the following pie-charts (Graph 2-2.10), the percentage of classrooms which are classed as 

overheated (in different level of highly, moderate and low) in 2005, 2007 and 2008 are 

summarised. 
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Year 

2008 

2007 

2005 

Graph 2-2.10: The summary of evaluating classrooms ' indoor temperatures based 

on Adaptive and Fixed model 

As it can be een, the number of chool (con equently their cia rooms) which are highly 

overheated in 2005 i more than 2007 and 2008 (seen Mean column). All chools, therefore 

cia srooms, have at some point , been highly overheated ( ee the Maximum column). 
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2.1.2.4: Result: 

As a result of this study, it can be suggested that the two main reasons for poor environmental 

conditions are: firstly the conflict between comforts factors (thermal, lighting, acoustic comfort and 

air quality) as they are interrelated and secondly, the use of the relaxed thermal, air quality, 

acoustic and lighting benchmarks. 

Nicol thermal criteria is not only designed based on adaptive model which has a better relation with 

occupants feeling, but also provides detailed information regarding overheating by predicting the 

percentage of people that may feel overheated and consider the type of occupants inside classroom, 

while overheating criteria based on fixed model only determine whether the classrooms are 

overheated or not. As a result, there is a gap between predicting thermal comfort (based on fixed 

model) and actual occupants feeling inside a classroom. 

Based on this study, it can be suggested that one of the reasons that the UK schools are overheated 

is the use of the most relaxed fixed thermal criteria (Building Bulletin 101). As a result, it is 

suggested that the current building design thermal benchmark (i.e.BB 10 l) for the UK primary 

schools to be revised considering Nicol formula. 

2.1.3. Part Three - Conclusion: 

As a result of this study, it can be concluded that providing a good environmental condition can 

have positive impacts on school occupants' health and academic performance. To provide good 

comfort conditions, school design guidelines are required to include a section to address the 

conflicts between comfort factors. In addition, the overheating and air quality benchmarks should 

be revised with the strangest and most reliable ones. It is suggested that the overheating benchmark 

(Building Bulletin 101) should be revised considering Nicol formula which is designed based on 

adaptive requirements. 
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Chapter 3: Overheating 
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Chapter 3.1: Literature Review: Principles of overheating control: 

Chapter Overview: 

This section looks at the definition of thermal environment followed by the reasons from 

overheating. The principles of solar overheating controls (Le. solar gain, internal gain, thermal 

mass and ventilation) are discussed in this chapter. 

3.1.1. Thermal environment 

Thermal environment is divided into three broad categories: 

• Thermal comfort is where there is broad satisfaction with the thermal environment 

• Thermal discomfort is where people start feeling being uncomfortable. 

• Thermal stress is where thermal environment causes potential harmful medical conditions e.g. 

dehydration or heat exhaustion. 

The various types of overheating criteria are explained in Chapter Two. In this chapter the 

principles of overheating control are discussed. 

3.1.2. Reasons of overheating 

The first purpose of buildings is to protect humans against climatic influence. Consequently there is 

a significant relationship between place, climate and human life. Failing in building design process 

against climate condition and climate change may lead a building to experience overheating. The 

main reasons of overheating are climate and building. Climate can be discussed under micro and 

macro climate. 

• Climate and overheating 

• Building design and overheating 

3.1.2.1. Climate and overheating 

Climate is not the same as weather. While weather is described as the atmospheric conditions at 

any given time, climate is the average of these weather and atmospheric conditions over a number 

of years. Climate change has been mentioned as one of the greatest threats for environment, society 

and economy facing our planet. Climate change is developing dangerously year on year. The World 

Health Organisation (cited in Site Layout and Building Design, n.d.) estimates over 25,000 people 

died in Europe during summer 2003 due to the heat-wave in July and August. This subject can be 

discussed around macro and micro climate: 
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a) Macro climate and overheating 

A number of factors band together or individually makes up the observed climate. Influencing 

factors are to name a few, wind speed, sea level , rain and snow, dry bulb temperature and solar 

radiations. Our climate is changing and there exists compelJjng scientific evidence indicating the 

same. 

According to CIBSE (TM 37, 2(06), a several degree increase in average temperature over the 

coming century is a probability and dry bulb temperature, solar radiation, and wind speed will play 

a cardinal part as climate variables. 

The CIBSE Guide A (2006) reports that dry bulb temperature will affect the UK climate by 

between 2°C to 3SC by 2080s. This guide predicts that the South East of the UK will experience 

greater warming that the North West, with summer and autumns experiencing greater warming 

than winter and spring. Freezing winters will be a rarity whilst sweating summers more the norm. 

Prediction of the guide indicates that the 1995 August which gave the UK a 3.4°C warmer than 

average weather will occur 20 percent of every five years by 2050 and up to 60 percent in every 

five years by 2080s. 

Graph 3-1.1 is a depiction of daily average temperatures predicted for London in 2080 against the 

gathered data available for those of temperature in 1989. The guide forecasts that in the case of 

solar radiation, the UK, especially the South will see less cloud cover during the summer resulting 

in higher solar radiation levels. In winter, although changes in cloud cover is expected to be less in 

the South yet still 2-3% above the rest of the country, which will result in a relatively small 

decrease in solar radiation levels. The peak solar radiation levels are expected to almost remain 

stable. 
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Graph 3-1.1: Daily average temperature for 1989 and 2080s 
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The other major factor beings wind speed which is obviously extremely difficult to predict and 

forecast with the available weather models. Diligent work is needed and is being carried out to 

improve models for predictions of this factor and at best at the present time, it is estimated that 

wind speeds will remain the same. 

Increase in temperature and solar radiation will dramatically affect the ambient weather feel within 

the UK buildings. Naturally ventilated buildings are normally more at risk of overheating. It is 

apparent that a less than well designed building will harbour higher temperature than those 

observed outside of the building during hot spells leading to overheating. 

A well design building will prohibit its internal temperature to exceed that of the outside and a well 

thought out building design using thermal storage and solar shade properly will keep the buildings 

internal temperature close to or lower than the average temperature during a hot period. 

b) Micro climate and overheating 

Prevailing climate can be affected by different factors such as topography, vegetation, water and 

building and cause the climate to deviate between regions within a small distance. This forms a 

small scale pattern of climate called 'micro-climate'. 

The Urban Heat Island effect is an example of micro climate. There is a significant difference 

between an urban climate and a rural climate as a result ofthe following factors in an urban area: 

• More effective absorption of solar radiation in 'street gorges' and less effective long waves 

radiation cooling 

• Reduced wind speed 

• Less vegetation 

This difference varies from 1 to 4.5 °C in cities and in London this difference reaches to 8K 

(Akbari, et al, 1992). 

It can be concluded that indoor temperature is affected by micro climate such as heat island effect 

as well as macro climate. 
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3.1.2.2. Building design and overheating 

The main aim of any architect is to design a comfortable and pleasing space for occupants. 

Architectural design demands complicated processes and there is still much debate about 

optimising building design. The main and initial step of building design is the climate study to 

provide comfort condition. 

In the last few decades, different scientists in the thermal comfort field such as Macpherson, 

Olgyay, Givoni, Fanger, Nicol & Humphreys etc., have assisted architects by defining comfort 

zones and by providing advices on climate design. Failure to study and consider the scientists' 

advices in the design process may lead to a failure in providing thermal comfort and cause 

overheating. 

Looking at the history of school building design in the UK (Chapter Two), it can be concluded that 

school classrooms have been experiencing overheating in different eras due to the following 

reasons: 

• Using low thermal mass material is the main reason for overheating in the schools which were 

built after World War II. 

• Excessive solar gain is the main reason for overheating in schools which were built considering 

the 5% daylight factor requirement (by increasing window area). 

• Saving energy by making buildings to be air tight and reducing the ventilation requirements is 

one the main reasons for overheating in the schools which were built after the oil crisis. 

• Excessive internal gain as a result of increased usage of technology inside classrooms may be 

another reason for experiencing overheating. 

Hence it can inferred that the main reasons of overheating in school classrooms are the use of low 

thermal mass, excessive solar gain, lack of ventilation and excessive internal gain. The impact of 

global warming necessity the need for a higher attention to the control of excessive heat in London 

schools as the age of school buildings varies from Victorian to recent constructions, with different 

levels of thermal mass, solar gain, internal gain and ventilation. The CIBSE presents a guideline to 

control solar overheating as explained below: 
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- The principles of solar overheating control 

Excessive solar gain can lead to overheating or the need for high air conditioning loads in summer. 

CIBSE TM.37 criteria suggest controlling solar overheating by controlling the following factors: 

• Solar gain 

• Internal gain 

• Thermal mass 

• Ventilation 

The following techniques can be employed to reduce the impact of solar overheating. 

- Solar overheating can be controlled by selecting a suitable layout and orientation. Building 

spaces should be laid out in such a way that they allow the building to achieve a balance 

between the advantages and disadvantages of sunlight. For example, controlling solar gain by 

shading devices would be more efficient if the building spaces have windows faced to the north 

or south as opposed to the east or west. 

- Solar overheating can be controlled by controlling the window area. Window area should be 

decreased in such a way as to control the solar heat gain, as the amount of solar heat gain is 

related (a function of) to the window area. As a window has an impact on daylight as well as 

view to the outside, its area should be minimized thoughtfully. 

- Solar overheating can be controlled by choosing suitable solar shading. Solar shading can be in 

the shape of external, internal, mid-pane shading or solar control glazing. 

Solar overheating can be controlled by utilising the exposed thermal mass in a building 

structure. The exposed thermal mass absorbs excessive heat and decreases the peak inside 

temperature of hot days. To maximise the benefit of thermal mass, night time ventilation is 

considered to be beneficial. 

- Solar overheating can be controlled by ventilation. Ventilation has two specific roles in a 

building: sustaining air quality and cooling effect. It should be noted that the ventilation rate 

which is required to remove excessive solar heat gain is higher than the ventilation which is 

required to maintain indoor air quality. 

- Overheating can be controlled by internal gain. Internal gain depends on occupants, equipment 

and luminaries. In order to control internal gain, energy efficient equipments and luminaires 

should be utilised and they should be switched off when not required. 

- Mechanical cooling and air-conditioning can be used to control indoor from overheating. 

In order to have a better understanding of how to control the above factors in order to reduce 

overheating, the relationship between them and indoor temperature are explained below: 
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• Solar gain and indoor temperature 

• Internal gain and indoor temperature 

• Thermal mass and indoor temperature 

• Ventilation and indoor temperature 

a) . Solar gain and indoor temperature 

This section looks at solar gain as one of the factors that have a significant impact on indoor 

temperature and is followed by the development of solar gain calculation method. Different factors 

which have significant impacts on the amount of solar gain that a space receives are explained in 

this part. One of these factors is window. Window has two other roles (Le. providing view and 

daylight) which are also explained in this part. 

al) Roles of a Window: 

Generally, windows have three main roles in buildings which are to provide view to the outside, 

allow daylight to enter the building and solar gain. 

- Windows and view: The first important role of a window is to provide a view to the outside. 

According to BSS206-2 (200S), the view from inside a building to the outside should be provided 

as it has a significant impact on occupants' refreshment and relaxation. In the situation where 

view to outside cannot be provided, an internal view to a space, which has the outside quality 

such as atrium, should be provided. 

- Window and daylight: The second important role of a window is to provide daylight. Generally 

the quality and quantity of natural light in an interior space depend firstly on the design of the 

interior environment and secondly on the design of the external environment. The size and 

position of windows play an important role on the design of interior environment. The other 

factors that have impact on the design of interior environment are the depth and shape of room 

and colour of internal surfaces. Design of external environment is related to the external buildings 

and trees that can block sunlight completely (by buildings) or partially (by trees) for a specific 

duration of the year (depends of the distance and height of the adjacent building and tree to the 

main building). 

- Window and solar gain: The third important role of a window is its impact on solar gain which 

is discussed in detail in this chapter. Solar gain which is also called 'solar heat gain' or 'passive 

solar gain' refers to the temperature increase in a space, which depends on the building's 

furniture, structure and the power of solar radiation (differs in each orientation). Window glass 

transmits short wave radiations in to the building's space and these short waves are absorbed by 

internal surfaces (structure and objects) and then reradiated in long-waves which are also called 
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thermal radiation. The window glass cannot transmit the long wave radiation (thermal radiation) 

and therefore this energy is trapped indoor and raises the indoor temperature. This procedure is 

called the green-house effect. Within the comfort topic, direct radiation which falls on the 

occupants who sit near windows is more significant than the rising indoor temperature as the 

result of green-house effect (CIBSE Guide A, 2006). Although it can have a positive effect on 

indoor temperature during the heating season excessive solar gain has a negative impact on 

indoor temperature which causes overheating in summer and consequently requires high cooling 

loads (CIBSE.TM37, 2006). The unnecessary solar gain can be controlled and reduced by careful 

design including the selection of an appropriate window orientation, permanent or temporary 

shading device, suitable overshadowing under the condition that optimum daylight and 

ventilation for a space is provided (BB 10 1, 2006) . 

- Window and ventilation: The forth important role of a window is its use as a means of 

ventilation. The position of window in relation to the prevailing wind can have impacts on 

the amount of air that enters in to a space to remove heat or provide fresh air. Different 

types of windows have different air flow and ventilation control potentials. For example, 

an upper fanlight and outward opening casement can provide a good level of airflow with a 

very good ventilation control (BBIOl, 2006). 

Excess care should be applied for selecting suitable windows so that there is no conflict 

between protecting inside from high level of background noise, pollution, rain, security etc. 

a2) Solar gain factors: 

The amount of solar gain that a building can receive depends on its location in the world and on the 

following factors: 

• Window area 

• Window orientation 

• Obstructed solar gain 

- Window area: Solar heat gain - as a result of direct solar gain through a window - is 

proportional to the window area of a space. High level of daylight which is provided by large 

window area is associated with excessive heat gainlloss and high building costs however 

reducing window area can limit daylight and restrict the view to the outside.The relationship 

between energy cost and window area is shown in the following graph (Graph 3-1.2) which is 

applicable to a majority of buildings (DETR, 1998). 
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Graph 3- 1.2: TypicaJ curve showing the effect of life time costs of the balance between 

dayljght and electric Hghting (Tregenza and Wilson., 2011) 

The window area must be chosen in such a way that it provides an average daylight factor of 2%. 

• If daylight factor fall s less that 2%, the room looks gloomy and full electric lighting is needed 

during day time 

• If daylight factor fall s between 2% to 5%, the window provides large amount of daylight and 

only complementary electric lighting is needed 

• If daylight factor goes more than 5%, a high level of daylight is provided in the room with little 

need of electric lighting, but the room would face serious thermal problems. 

In order to provide 2% of daylight factor, an optimum window area needs to be chosen. BB87 

suggests two different optimum levels for each kind of window (vertical & horizontal) which can 

sati sfy and control both daylight and thermal performance. Vertical glazed areas should allocate 

maximum 40% of the internal elevation of the external wall to itself on an average. 

Horizontal glazed areas should allocate maximum 20% of the roof area to itself on an average. 

Using a passive daylight strategy may mean that the level of vertical glazed area may go above 

40%, which can cause excessive heat loss and heat gain through a window (cause overheating), 

which can be compensated with a higher level of in ulation to the building fabric. According to the 

case study undertaken by BRE, it is pos ible to increase the vertical glazed area by up to 50% with 

the cautious use of the external hading (e.g. deep eaves) . Vertical glazed area below 20% makes 

the building too dark and gloomy inside and occupants lose their contact with the outside world. 

while vertical glazed areas above 40% causes overheating and glare as a result of increased solar 

gain (EnREI, 1995). 

- Window orientation: The building orientation determines the amount of radiation it receives 

and this varies according to the time of the year. The maximum daily global solar irradiance for a 

peak day in each month for different directions received in London, UK (CIBSE Guide A. 2006) 

is shown in the following graph (Graph 3-1 .3). 
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Graph 3-1.3: The relation between the maJdmum daily global solar irradiance 

for the peak day of each month and different directions 

(Drawn by the author based on data deri ved from CmSE Guide A - Appendix 6) 

As can be seen from the above graph, solar radiation varies according to the direction and the time 

of the year. The following facts can be inferred from the above graph: 

South facing windows usually receive a higher solar irradiance over a longer duration of the day in 

comparison with north facing windows. Although east and west facing windows receive the highest 

solar irradiance, they only receive solar irradiance over a shorter duration of the day (Littlefair, 

1991). 

If a building is carefully designed and oriented, solar gains can be made beneficial for much of the 

year. However, excessive solar gains may lead to overheating (BBlOl , 2006). For thi s reason, great 

care should be taken in designing the buildings' layout to increase the advantage of sunlight and 

decrease its disadvantages. Placing a building's main facade to the south allow the occupants to 

use winter solar gain, and block it by shading devices when needed during summer. Spaces that are 

critically overheated (e.g. computer sites) can be placed on the north side of the building (CIBSE 

TM 37, 2006) but if thi s is not possible, solar shading would be required (BB 1 0] , 2006). 

- Obstructing solar gain : 

• Shading: Solar gain can be controlled by shading. The variety of shading devices available are 

external hading, mid-pane blind and internal blind. Traditional low transmittance solar glazing 

will diminish light as well as solar gain. However, new types of coated glazing can give a high 

daylight tran rnittance with a lower solar gain. This might be the best method of reducing summer 

cooling loads where large area of glass are needed for view or appearance (CmSE.TM37, 2006). 

In most buildings the need for shading changes through the year. It can vary according to the 

followi ng factors: 

- Seasonal requirement : overheating is a problem in summer, but winter solar heat gain can be 

welcome 

- Dai ly weather: on dull days there is often little need for shading device 
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- Occupant requirements: for some activities people need extra privacy, or extra control of glare. 

• Overshadowing: solar radiation that penetrates into a space can be obstructed by any outside 

buildings, trees, etc. This is called 'overshadowing'. Solar radiation is a valuable source of heating 

in heating seasons (winter) but not in cooling seasons (summer). British Standard recommends a 

method to calculate the amount of solar radiation that is obstructed by any building or trees around 

a building (BS 8206-2, 2008). 

Calculation of the percentage of over-shading in each space enables the determination of the 

amount of solar gain obstructed and the amount that penetrates into a building. Although 

overshadowing has a negative impact on the amount of heat and natural light coming into a 

building during winter, it can have a positive impact on controlling overheating during summer. 

• Overshadowing by building vs. trees: If a building is overshadowed by another building, it 

may help to control summer overheating, but has a negative impact on winter heating load and 

natural light. Overshadowing by deciduous trees is a desirable method for obstruction of buildings, 

as deciduous trees shed their leaves during winter allowing the building to benefit from solar gain 

for heating loads. It is cautioned that care should be applied when choosing and planting trees. 

Trees obstruct different amount of solar gain according to their density. Table 3-2.1 shows the 

transmission percentage (shading coefficient) for various trees during summer and winter 

(McPherson, 1984). 

Shading coefflclente 
(% Iranemlnton) 

Botanical name 
Commenname 8urnrn.r Winter 

Pyrus communis 
Common Pear .20(e) .60(7) 

QuercCI$ elba 
WhiteOak .25(6} 

QU~IfCUS palutltr;s 
PinOak .15(1), .30(3) .63(3), .88(4) 

Quercus robut 
English Oak .19(6) .83(6) 

QuetCUIii rubrll 
Red Oak .19(6) 

.79(4} •. 81(6) 

.70(7} 
Sapium sebiler;um 

Chin"8e TallOW Tr&e .I7{lJ .153(1) 
Sophora iaponlca 

Japanese Pagoda rroo 
.20(1) •. 24(6) 
.22(6) .35(1) 

Tille cordata ,07(1} •• 13(5) .46(1) •. 70(6) 
LIUleleaf linden .17(6) .62(7) 

Ulmus umoriCMiI 
Am ricon erm .13(51 .89(4) • . 63[7} 

Ulmu pumilo 
Slbcr,an Elm .15(1) •. 15(5) .29(1 ). 50[4) 

lellco'/lJ S'Orrotll .54(1), .nI6) 
JapIiMSt' Zelkov .15(1), .24(6) 74(7) 

To be continued 
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SNdlng eotffldt,,1e 
(% trllnlmluJon) 

80t "Jc;~1 ""mo 
Commonntlmll aummor Wlnt., 

A.eer 9111ntll/t 
I\mUI Maple ·09IS} 

Acer plflang!des '~' 1 .. 14(3) fiSU, • . 15!6) 
Norway Maplo .1 51 •• I<l(e) 75(61 •. 8 1m 

Ac."ublu," 75(41. .82j8) 
A dM loll .17(8) e3m 

Ace, uc;chltr;ltum 18(1) •• 11(5) tG(I) •. 1)1(4) 
Silver Mop 0 .~lIG) 5'(?, 

Ac; ",e,h<l,um 
su~al Mapi . '64 0) .82(41 .. S6{7) 

AesclJlus ",ppOClA$tlJnum 
Ho,,~h Inlll .08151 • . '51 ) n(4) 

Alb 'Illi /ul,l),.ss/" 
Silk Tree .17(1) . ~3(11. .73{71 

IImelilflel)llIrcamuJ nSI$ 
SMdblo' .23{61 57(1' 

~'t.ltI pcl'ldul8 .15/11 . . ZO(S) 1.18(l) . . 60(2) 
EuropUlln BlrCA .19 G) U(41 .. 5lt7} 

CIlry.1 O'/:JII1 
Sh gb"ork HrC~ory 23lB) 66(7) 

CiltiJlp~ sp t:i~ 
VI $!cm C 's'p .24101 63(41. 52t7) 

CoII.s (JI.ISlrJ.'rS 
uropelln H .. ckb~rry .08(1, .53(') 

C It., cce;t1~n I8f" 
Commo~ H3cltberry 1~(51 

Cralaoyu tg,nig III 
. 14(~1 Engll$h H wlllOrn 

Cr. ' ogl.l$ /It/flll!el 
C:m, H wthorn ."(51 

c'j)ro~lJ$ phaenopyrum 
..... as 11111tOl\ H~ ... I Oln 24(6) 

EI'<1I1!lnUS II glll/ololis 
Ru .. snOliv .13(51 

Fd~U~$~1Val:e. 
.... ,opean Be~~h .1 2(6) .63(51 

Fril ltlt'lu$ oxcelSlof 
Eu lopean Ash . '''II) •. 15(5, .5 (I) 

Fflmnus liolorl/'hII 'MCJ'~InI)' 
Mota,n It .22(1) .SO(2) 

F, ",nu /tenmylvll"lc/t 
. 1~51 .• ~OI61 .7116). 70(7) Gre .. Ash 

Gi.,~go OJ/ob 
~ aldc"lhlll Tr 

.20(1) .. 16(5) 

.22(5t .55! 1). 72(01 
Gleli" I If' e.n'/!os mormls .32( 1' . . 30(51 

HOlle, lct~u~1 .~Bt" .48t II . . 85(2) 
Oym"r>eidClus d.'o I'\I$ 
K ntucky Call c Tree .14(5) 

JU~lIIn' ",g' 
I ck 'Jnlnu' .09IS) .'Ot21 . . 7211) 

K <wlreutt",. b lpJflnal1l 
. 1011) Crlnese " am. Tr .10p) 

Ko.,'rovWTIOI pllnlclJ/eta 
G ICI~ nIP n Tree ::1511) .. 13(5) 42(1) 

t/qvldsmb., slyr. cJ,,'u 
Sw cto~ftI .,ttn 

.70(1), .84(.4) 
G~7) 

L"'oOrmdron hJl'pilllfll 
TUliP Treo 10(61 .784' •• 69(7) 

M4fll,sJ>p. 
.1 5(11 • • 16(5) S{I' Crab pp' 

Pari<iI1so,,1 'CII' r 
Jerusalem Thor" IsCI) .Ut') 

PI~r{JC"/(1 chin ns
" ClIln,,, F',~tach' .15111 .~(') 

PI lerous IIclt,fe'" .17(1! .1.4(3) 
t.Qndon F' lBt\c T, Q 11(5 64(1) .. 4613) 

PI '"n<l$ r.c,mo • 
.Ati( 1). 6G( 2) C IItornll) sy~amore .09(1) 

Populus dslro,dos 
COUo,wood .15(61 .&em 

Table 3-2.1: Transmission percentage (shading coefficient) for different trees 

during summer and winter extracted from McPherson (1984) 
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a3) Solar gain calculation: 

The solar load per unit floor area in a space is obtained by Qsl = (lIAp) L (Ag Qs geft) 

• Qsl: is the solar load per unit floor area in a space (W/m2) 

• Ap: is the perimeter zone floor area which is within 6 meters on plan from a window wall or 

roof light (m2) 

• Ag: is the net area of glazing of each element in the perimeter zone for a particular orientation 

of an opening (W/m2) 

• Qs: is the external solar radiation for a particular orientation of an opening which can be found 

from the CIBSE irradiance tables 

• geff: is related to the window specification and type of shading 

The summation sign indicates the summation of the glazing areas on each facade and the roof 

bounding the space in question. This formula is only applicable when the building is not 

overshadowed by other buildings and trees (CIBSE TM37, 2(06). 

b) Internal gain and indoor temperature: 

This section focuses on internal gain as one of the factors that have a significant impact on indoor 

temperature and looks at internal gain calculation methods. 

bl) Internal gain definition: 

The heat produced from the following sources inside a building is called internal gain: 

• Heat from the occupant 

• Heat from the equipment 

• Heat from lighting 

b2) Internal gain calculation methods: 

In order to calculate internal gain, CIBSE TM37 (2006) suggests two methods as follows: 

- Method A: In this method, the standard casual gain is calculated as a standard figure W/m2 for 

people, equipment and lighting. For example, Table 3-1.2 shows the standard internal gains in a 

primary school. The standard casual gain in this table is based on the activity schedule in SBEM 

(Simplifies Building Energy Model). 

In this table, the level of standard casual gain in classrooms is shown. 

91 



Building type Space type 
Occupant gain Equipment Lighting Dis play lighting 

iVfjrri'l iYflrri'~ Sft/rri') (W/rri') 

Cellular offICe 32 9. 1 18.8 0 

Classroom 22.8 4.5 11.3 0 

Common room/ Staff room/ Longe 0.8 4.4 7.8 0 

Dry spon hall 2.6 1.4 15.6 0 

Primary school 
Eating! Drinking area 2.5 8.6 7.8 0 

Food preparation area 2.5 16.9 26.0 0 

Meeting room 9. 1 4.5 11.3 0 

Open plan offICe 5.0 13.6 18.8 0 

Reception 1.0 4.5 10.4 9 

Swimming pool 5.2 2 15.6 0 

Table 3 - 1.2 : Standard casual gains in different parts of a primary school 

(CIBSE TM37, 2006) 

- Method B: In thi method which is called 'detailed method ', internal gain for each source (i.e. 

people, equipment and lighting) is separately calculated based on the occupancy and u e of the 

space. 

• Occupant internal gain calculation: Heat from the occupant is related to the following factors: 

I . Heat emission per occupant: 

Table 3-1.3 shows the sensible heat gain per person when undertaking a particular type of activity 

under heat wave conditions (i.e. 26°C ambient temperature). The latent heat produced in the form 

of moisture is not included as it is as umed to be removed by ventilation. 

Hcat emission from typical occupants under he at wave conditions 

Activiy Sensible heat ~ain per person under heat wave conditions/W 

Seated, inactive 59 

Seated, light work 63 

Seated moderated work (e.g. ocr.:e) 65 
Standing, light work. walking (e.g. retail) 66 
Li~t bench work 71 

Mediwn bench work 85 

Heavy work 105 

Moderate dancing 85 

Table 3-1.3: Heat emission from typical occupants under heat wave condition 

(CIBSE.TM37,2006) 

2. Work station den ity: 

The work station den ity represents the area per head in each space. For example, according to 

Neufert architect's data (Baiche and Walliman, 2000) the area per head for people inside primary 

chools is 2.00 to 2.20 m2. 

3. Probability people are present: 

Heat emission from typical occupants under a heat wave condition (Factor 1) is divided by the 

average number of quare meter per per on in a perimeter zone on peak summer days. The average 

number of square meter per per on in a perimeter zone on peak summer days is not alway the 
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same as the number of square meter per head (i.e. work station or desk). Therefore. this amount 

should be modified according to the probability that people will be present in the space on a hot 

summer working day. 

4. Working hours per person & occupancy density: 

The level of occupancy in each building is different from one building to another. Some buildings 

have a lower than average occupancy like primary school classrooms which have 6 hours 

occupancy per day in contrast to some buildings that have a higher than average occupancy like 

hotels and resorts which have 24 hours occupancy. 

By finding the above 4 factors, the total internal gain from people can be calculated from the 

following formula: 

Heat gain from people (W mo2)= (heat emission per occupant (ID/workstation density (m2
) x 

(probability people are present (m2» x (working hours per person/occupancy density(m2
) ) 

• Equipment internal gain calculation: Heat from equipment is related to the following factors: 

1. Power consumed by equipment: 

The power consumption for equipment can be extracted from Appendix 7.1. 

Some equipment like pes have the 'stand-by' and 'sleep' modes when not in use. So the power 

which is consumed by this equipment can be calculated from the following formula: 

Power consumed= (fraction of time in full operation x power in full operation) + (fraction of time 

in standby mode x power in standby mode) + (fraction of time in sleep mode x power sleep mode) 

2. Fraction of heat that enters space: 

Often all the heat generated by the equipment will end up in the space. However if there is a 

localised mechanical ventilation or passive venting of a particular equipment, most of the heat 

generated will usually be extracted. For the purposes of the Approved Document L2A calculation. 

heat gains from equipment for which there is a localised mechanical ventilation may be discounted. 

3. Daily probability equipment will be switched on: 

The daily probability that the equipment would be switched on is related to a working day in 

summer. If the equipment is associated with a particular person [e.g. personal computers (PCs)), 

the probability it would be switched on can be assumed to be equal to the probability that person is 

in the space on that particular day. 

4. Hours equipment in use: 

This is the number of hours that the equipment is in use. 
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By finding the above 4 factors, the total internal gain from the equipment can be calculated using 

the following formula: 

Heat gain from equipment- (Power consumed by equipment) x (fraction of heat that enters the 

space) x (daily probability the equipment will be switched on) x (no. of hours equipment in usell 0) 

Electronic whiteboard projector, overhead projector, monitor, laptop etc. are the source of heat 

inside a classroom. Heat gain from these sources can be minimised by choosing energy efficient 

equipments. For example LCD screens reduce heat gain compared to conventional CRT monitors 

(BBlOl,2006). 

• Lighting internal gain calculation: Sources of heat from lighting are divided as follows: 

I. Heat from general lighting: 

General lighting is the light that is switched on when a space does not have enough daylight. The 

contribution of this kind of lighting on heat gain is zero if the space is adequately day-lit (no 

general lighting required). The amount of energy and heat which is distributed in a space is 

extracted from the lighting equipment's specification. See Appendix 7.2 for samples of 

specifications. 

2. Heat from display lighting: 

Display lighting mainly refers to a light which is left on during the occupied hours and include 

portable and tracked mounted lights. The level of energy and heat distributed from them depend on 

their specification. Heat from display lighting is calculated from the following formula: 

Heat gain from display lighting= (Heat from display lighting in the perimeter zone) I (floor 

area of that zone). 

In order to reduce the level of heat gained from 'electric lighting', care should be taken in order to 

design a space so that it receives adequate natural light without any difficulty. For example, in 

some classrooms occupants pull the blinds down in order to reduce glare and direct solar gain, 

consequently natural light is reduced and they have to turn on the electric light. 

Summary of Method B: The sum of the calculation of occupants, equipments and lighting gains 

provides the total internal gain in any spaces. 

c) Thermal mass and indoor temperature 

In this section the definition of thermal mass is provided followed by the discussion of its 

differences with thermal insulation. Admittance value and decrement delay are the two factors that 

have impacts on thermal mass level. Some recommendations are made regarding the integration 

between heavy thermal and high insulation level. Utilisation of heavy thermal mass can be a 

suitable technique to control the indoor temperature in the UK as the country will experience 
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warmer summers by the 2080s as a result of global warming. The roles of heavy thermal mass in 

the UK climate during summer and winter to control indoor temperatures are different which are 

explained in this section. 

c1) Definition of thermal mass 

Thermal mass is the ability of any material to store heat. Thermal mass is a concept in building 

design that protects the indoor temperature from high air temperature fluctuations. Materials, 

according to their 'Thermal storage' and 'Conductivity' are tabularised in different categories of 

Heavy, Medium and Low thermal mass (The Concrete Centre, 2009). 

- Thermal storage: Thermal storage in a material is related to Density (kg/m) and Specific Heat 

Capacity (J/kg.k) of the material . Specific Heat Capacity is the amount of heat required to change a 

unit rna s of a substance by one degree temperature in the unit of (J/kg.K) and Density refers to the 

mass per unit volume (kg/m). 

- Thermal conductivity: Thermal Conductivity (K) is a 'material property' and means its ability 

to conduct heat through its internal structure. It depends on the temperature, the density and the 

moisture content of the material as a unit of CNlm K). 

Table 3-1.4 shows thermal storage, thermal conductivity and thermal mass levels of some 

materials. 

Density iSpecifict Heat Thennal ThennaJ Tbennal 

Material type storage storage condictivity Themal mass level 

kg/m' Jlkg.k J/m'.K kJIm'.K W/m.k 

Timber 500 1600 800.000 800 0.13 Low 
Steel 7800 450 3,510,000 35 10 50 Low 
Light weight aggregate bloc 1400 1000 1,400,000 1,400 0.57 Meduim-High 
Precast and in-situ concrete 2300 1000 2,300,000 2,300 1.75 High 
Brick 1750 1000 1,750,000 1.750 0.77 High 
Sandstone 2300 1000 2,300,000 2300 1.8 High 

Table 3- 1.4: Thermal mass specification of materials (The Concrete Centre, 2009) 

• Timber: As can be seen from the above table, timber is considered as a 'Low thermal mass' 

material for two reasons. Firstly, timber heat storage potential is low (it is approximately 800 

kJ/m3k) and secondly, it is not a conductive material with only 0.13 W/m.k thermal conductivity. 

Therefore, timber cannot conduct heat to the depth of the material to be stored for later use. 

• Steel: The above table shows that steel is counted as a Low thermal mass material. Although 

steel has a high storage potential of around 3510 kJ/m3k, it has a high conductivity of around 50 

thermal conductivity, that can quickly tran fer heat stored in the core of a material to the surface to 

be released to the environment. 

• Concrete, Brick and Sand stone: As can be seen from the table, concrete, brick and sandstone 

are counted a Heavy thermal mass materials. This is because these materials have a high heat 
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storage potential of 1750 to 2300 KJ/m3K and a moderate thermal conductivity of around 0.77 to 

] .80 W/m.k allowing heat transfers to the depth of material. 

Graph 3-1.4 shows the indoor temperature of two spaces built with two levels of thermal mass (i.e. 

heavy and low) against external temperature. As can be seen, the fluctuation of indoor temperature 

in a space with high thermal mass level is lower than the one built with low thermal mass material. 

In addition, the 'peak temperature delay' and 'peak temperature differences' in the space which is 

built with low thermal mass material is higher than the one built with heavy thermal mass material . 

'Peak temperature delay' is related to a factor which is called 'Decrement delay' ; and 'Peak 

temperature differences' is related to a factor called 'Admittance values' . 

• 
Inttmal temperature 
with high t.hetmIl mass 

Day 

Intern. temperature 
with low thermal mass 

Day 

Graph 3-1.4: Stabilising effect of thermal mass on internal temperature 

(The concrete centre, 2009) 

- Decrement delay: Decrement delay factor refers to the length of time required for heat to get into 

the material from one side and out from the other side. In order to decrease the risk of overheating 

during summer, construction materials should be chosen in such a way as to proyjde a decrement 

delay of around 10 to 12 hours in order to delay the heat which gets into the material during the day 

until the late evening or night. Reducing the 'Decrement delay' from 10-12 hours to a lower rate is 

helpful but it wiU have a limited benefit if decreased to less than six hours. 

- Admittance value (W/m2.k): 'Admittance value' refers to the ability of a material or a 

construction such as a wall to exchange heat with the environment when it is subject to a simple 

cyclic variation in temperature. For buildings, cyclic variation is 24 hours. 
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c2) Differences between thermal mass and thermal insulation 

It is important that the concept of thermal insulation is not confused with thermal mass. Thermal 

insulation is a building design concept that reduces heat flow from getting in or out of the 

buildings' envelopes while thermal mass allows heat to get in to the material and stores it for a 

specific period of time and then releases it. Therefore, heavy thermal mass material is not a good 

thermal insulation and vice versa. 

Thermal insulation is shown with R-value (U = 1/ R) which measures the thermal resistance of 

materials. Under uniform conditions, it is the ratio of the temperature difference across an insulator 

and the heat flux (heat transfer per unit area, QA) through it (R= 6tJ QA). 

The U value is the inverse of R value which is an important concept of building design and it 

represents the air-to-air transmittance of an element. The U value refers to how well an element 

conducts heat from one side to the other. 

Table 3-1.5 shows the thermal conductivity of some material s. 

Thennal conducUvily 
Group Malerial Specific mass (kglm') (W/mK) 

Dry WeI 
AUriniJm 2800 204 204 
Copper 9000 372 372 

Metal Lead 12250 35 35 
SteeL Iron 7800 52 52 
zn: 7200 110 110 
Basal. O .. IiIc 3000 3.5 3.5 

Natural s lone BUestone. Mal'be 2700 2.5 2.5 
SardSione 2600 1.6 1.6 

MasolV)' 
Brick 1600-1900 0.6-0.7 0.9-1.2 
Sard-Iim: lri:k 1900 0.9 1.4 
Gra\'C1 concrete 2:100-2500 2 2 
l...istltconcrclC 1600-1900 0.7-0.9 1.2-1.4 

Concrete 
Purrice powder concrete 1000-1400 0.35-0.5 0.5-0.95 
lsolllti>n corw.:rcre 300-700 0.12-0.23 
CeJUlar corudc 1000-1300 0.35-0.5 0.7-1.2 
Sklgooncrete 1600-1900 0.45-0.70 0.7-1.0 
Co",,", 1900 0.9 1.5 

Pia ters Lire 1600 0.7 0.8 
O)'PSUIn 1300 0.5 0.8 
Corkexpardcd 100-200 0.04-0.0045 

Orpnlc 
Umkum 1200 0.17 
Rubber 1200-1500 0.17-0.3 
Flmboard 200-400 0.08-0.12 0.09-0. 17 

Wood Hardwood 800 0. 17 0.23 

CavlCy b01a1ion Caviy wan roiaoon 20-100 0.05 
Wlter 1000 0.58 

Water 
Ice 900 22 
Snow. ficsh 80-200 0.1-0.2 
Soow, ok! 200-800 0.5-1.8 

Air Ai' 1.2 0.023 
Woodbrd sOO 1450 0.8 

SoU 
Cl1ywih .. rd 1780 0.9 
Da""sardYsoi 1700 2 
Soil (dry) 1600 0.3 
Floor .i\os 2000 1.5 

Floor CO\-f ring 
Pa"lue. 800 0.17-0.27 
Cork 200 0.06-0.07 
Wool 400 0.Q7 

Table 3-1.5: Thermal insulation specification of materials (LEARN website, n_d_) 
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From the explanation of thermal mass and thermal insulation, it can be concluded that these two 

concepts need to be considered carefully when being selected in the design of a building. Selecting 

the correct concept in any region depends on the prevailing climate for that region. For this reason 

a complete review is conducted in the next part about selecting the thermal mass or thermal 

insulation concept in each climate. 

c3) Integrating the use of heavy thermal mass and high insulation level 

Utilisation of correct thermal mass and insulation in a building helps to reduce the heating demand 

during winter and cooling requirement during summer and as well as to reduce the building's 

carbon footprint. Apart from this, care should also be taken regarding the form and orientation of 

buildings. 

'Heavy thermal mass' is the main solution for hot climates that helps storing heat during the day on 

the external wall protecting the inside from overheating during the day (during midday), and 

transferring the stored heat to the inside during the night when the outside temperature cools down 

to freezing levels (during midnight), helping to protect the inside from cold temperature. A 'high 

insulation level' is the main solution for cold climates to prevent heat transfer from outside the 

building to the inside during day and night. 

As each of the thermal mass and thermal insulation concepts has their own benefits, their careful 

integration can provide a better solution to reduce the building's energy demands and reduce their 

carbon footprint. Passive solar design with the aim of reducing heating and cooling demands and 

CO2 emissions, use both 'heavy thermal mass' and 'high insulation' techniques to maintain indoor 

temperature during cold and warm seasons, with minimum requirements for energy loads. 

As mentioned earlier, good thermal mass is not a good thermal insulation, and therefore it is 

beneficial to combine thermal mass and thermal insulation for an effective passive design for 

climates such as in the UK. For this reason, the position of thermal insulation in relation to the 

thermal mass is very important. Thermal mass should be located inside the thermal insulation of the 

building envelope (Figure 3-1.1). In addition, the insulation for solid ground floors should be 

located under the slab. In such a situation, the thermal mass surfaces can store the solar gain 

themselves and radiate it to the building (not outside the building as building is covered with 

thermal insulation) after a specific period of time. 

Figure 3-1.1: Integration of thennal mass & insulation 

(Concrete centre, 2009) 
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c4) UK climate, global warming and utilisation of heavy thermal mass materials 

According to the CIBSE, TM36 (2005), the UK will have warmer summers by the 2080s as a result 

of global warming. Graph 3-1.5 compares the monthly variation of hours exceeding 25°C 

forecasted for the 2080s with the present days, and Graph 3-1.6 compares the cooling degree days 

based on 22°C in 2080s with the present days. 
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Graph 3-1.5: Monthly variation of hours 

exceeding 25 · C for London 

(cited in CmSE TM36 (2005» 
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Grapb 3-1 .6: Annual distribution of cooling 

degree-days referred to as 22 ·C for London 

(cited in CmSE TM36 (2005) 

As can be seen from the above graph , the number of hours during which the temperature exceeds 

25°C will become significantly higher in the 2080s as compared to the present day. Similarly, the 

cooling degree-hours in the 2080s become significantly higher. It can be concluded that as a result 

of global warming, the free running buildings in the UK will experience higher indoor temperatures 

and therefore the risk of overheating will increase. 

Careful design is necessary to reduce the risk of overheating in the future. Utilisation of heavy 

thermal mass materials in the UK building construction is one of the solutions suggested, to 

maintain indoor temperature and decrease the risk of overheating during summer. 
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c5) The impact or an integrated technique during both seasons: 

In the following section, the role of heavy thermal materials in the UK climate during summer and 

winter are explained. 

Summer: Indoor surfaces (i.e. floor, ceiling and internal wall) with heavy thermal mass materials 

store the solar gain during the day and protect the inside from overheating and excessive heat 

(Figure 3-1.2). The stored heat in the internal surfaces is released from the surfaces, usually after a 

cycle of 12 hours (in the night), when the outdoor temperature drops. Windows can be left open 

during the night in order to have the benefit of night time ventilation to remove the excessive heat 

and maintain indoor temperature. Night time ventilation should be managed for the security reasons 

(Figure 3-1.3). During summer days, the need for opening windows is connected to the outside 

temperature. If outdoor temperature rises to more than the indoor temperature, windows should be 

closed in order to prevent excessive heat from entering the building (this situation does not usually 

happen in the UK climate). 

Figure 3-1.2: Role of Heavy thermal mass in the UK Figure 3-1.3: Role of Heavy thermal mass in the UK 

Climate during summer nights (cited in the concrete centre, Climate during summer days (cited in the concrete centre, 

2009) 2009) 

Winter: During the heating season, the solar heat will be stored in floor, ceiling and inside wall 

during the day (Figure 3-1.4) and the heat is released Jater during the night (Figure 3-1.5). If the 

building is sufficiently insulated, the indoor temperature is maintained at comfort levels during the 

night, with no or low heating demand. Curtains should be drawn to minimise heat loss. In addition, 

during the morning, the building needs a considerable amount of energy to heat up during the 

winter. As a result of the stored heat release during the night before, the building needs less energy 

to heat up. 

Figure 3-1.4: Role of Heavy thermal mass in the UK Climate 

during winter nights (cited in the concrete centre, 2009) 

Figure 3-1.5: Role of Heavy thermal mass in the UK 

Climate during winter days (cited in the concrete centre, 

2009) 
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d) Ventilation and indoor temperature 

This part concentrates on the definition, benefits, mechanism and different strategies for the use of 

natural ventilation. Ventilation has two major roles: providing thermal comfort during summer 

(cooling effect) and air quality. The impact of natural ventilation on thermal comfort is discussed in 

this part and its impact on air quality is reviewed later in the following chapter. The requirements 

of having natural ventilation are discussed in this section. 

dl) Definition and roles of natural ventilation: 

The definition of natural ventilation is 'the process of supplying and removing air through an 

indoor space by natural means' (Aynsley et aI, 1977). 

d2) Mechanism of natural ventilation 

Natural ventilation is mainly driven by two mechanisms i.e. wind pressure (wind effect) and the 

stack effect (BB lO I, 2006): 

• Wind pressure mechanism: in this mechanism, wind causes pressure around the outside of the 

building. Variations in pressure are highly dependent on the building form and the wind speed 

and direction. Typically, a positive pressure is experienced on the fa~ade facing the wind and a 

negative pressure on other fa~ades. 

• Stack effect mechanism: Two separate openings in the wall at different heights create pressure 

difference, when the inside is warmer than outside. This pressure difference causes air to flow in 

from the lower opening and out of the higher one. When the temperature inside decreases to 

match the outside temperature, the stack effect reduces. As a counter measure, the open area of 

the facade should be increased. It should be noted that it is not necessary to have physical 

'stack' and 'chimney' to achieve stack effect. 

d3) Reasons of natural ventilation 

Schools should be designed to be naturally ventilated as it is energy efficient, except the areas 

where contamination (e.g. changing rooms, etc) or high heat gain might occur (e.g. kitchen), that 

may require mechanical ventilation [(CIBSE Guide B2, 2005) and (BB87, 2(03)]. In addition, 

recent studies show that in naturally ventilated buildings, occupants adapt themselves to the indoor 

climate, accepting a wider range of indoor temperatures as comfortable (Roulet, 2(05). 

The simplest natural ventilation strategy is the window-opening strategy. The benefits of natural 

ventilation through windows are that it is free of charge and eliminates the running/maintenance 

and capital costs for cooling and provides fresh air. It also eliminates the noise that would be 

produced by the plant (BBlOI, 2(06). Other ventilation strategies proposed in BBlOI for schools 

are as follows: 
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• Single-sided ventilation with high and low-level openings 

• Cross ventilation with or with out height difference on two sides 

• Stack ventilation 

• Multiple classrooms with stack ventilation served by a corridor or atrium 

• Split duct roof-mounted ventilation 

d4) Specific natural ventilation rates for different purposes 

Ventilation rates required for air quality are different from those required for cooling purposes. For 

example, the minimum ventilation rate for air quality purpose is 3 Us per person with the capability 

of 8 Us per person, while this amount should be greater than 8 Us per person for cooling purpose in 

school classrooms (BB 101, 2006). As a rule of thumb, it is generally agreed that natural ventilation 

systems can meet total heat loads averaged over the day, of around 30-40 W/m2 (Le. solar plus 

internal gain). However, the natural ventilation cooling potential depends on prevailing climate and 

also the occupants' expectations of thermal comfort (CIBSE AM 10, 2005). 

d5) Natural ventilation and thermal comfort 

Summer temperatures playa role on the practicality of natural ventilation to provide cooling effect 

and maintaining indoor temperature. Its practicality is limited by prevailing climate and the 

occupants' expectations of thermal comfort. The natural ventilation cooling effect is due to the 

removal of heat from the building and consequently the human body. The procedures for removing 

heat from the buildings and human body are explained as follows: 

- Natural ventilation and removal of heat from buildings: The procedure of removal of heat 

from buildings depends on the buildings' climate. The strategy which is used to remove heat in hot 

climate is different to the strategy which is used in moderate climate. 

In hot climates, buildings are built with lightweight construction materials with large openings. 

These openings allow the buildings to have a high level of ventilation rate. In these buildings, the 

indoor temperature becomes higher than outdoor temperature. The high level of ventilation 

removes excessive heat from buildings and allows the indoor temperature to decrease and adjust to 

the outside temperature and provide a comfortable temperature. Also, good solar shading has a role 

in controlling indoor temperature (Allard et ai, 1998). 

In moderate climates, such as the UK, excessive heat can be removed from a building by night time 

cooling. In this strategy, passive cooling solution (nigh time ventilation) is used to reduce the 

building's structure temperature. For this reason, an exposed structure (thermal mass) should have 

a direct contact with the solar gain entering the space through an opening to absorb the excessive 

heat, and also direct contact with night-time ventilation to remove the excessive heat, to provide a 
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comfortable temperature. Night time ventilation can be used in the UK as night time temperatures 

are often below daytime comfort temperatures (CIBSE, 2005). 

- Natural ventilation and removal of heat from human body: In summer, thermal comfort for 

an individual, in a naturally ventilated building, is achieved by removal of heat from the body by 

air movement. The air movement causes convective heat and mass exchange of the human body 

with the surrounding air. Higher velocities result in higher skin evaporations and consequently a 

person experiences the cooling sensation. 

In the situation that the building indoor temperature reaches the outdoor temperature which is still 

high and uncomfortable, the thermal comfort zone can shift to a higher region as a result of natural 

ventilation, if there is an adequate air movement. However, this has a limitation as the maximum 

comfortable air movement is 0.8-1 mls. Any higher air movement could be annoying for an 

individual and also disturb papers. This speed allows a space to be 2C warmer and still provide 

optimum comfort with the relative humidity of 60%. In the other words, thermal comfort can be 

provided at a higher level (Allard et al, 1998). 

d6) Natural ventilation potential 

Natural ventilation potential is defined as the possibility of providing thermal comfort and air 

quality by natural means. This depends on the potential of the building and its location, and also the 

strategies which are adopted. The three potentials for achieving natural ventilation are: 

Building potential for having natural ventilation 

Site potential for having natural ventilation 

Adoption of suitable strategies to provide natural ventilation 

• Building potential for having natural ventilation 

Each building has a different potential for using natural ventilation. Different factors that have 

impacts on buildings' potential for using natural ventilation are as follows: 

Form of the building envelope 

Height of the room and building envelope 

Length of the building envelope 

Opening in building envelope 

The form of the building envelope: The building envelopes have different impacts on air 

movement around the building and natural ventilation according to its shape, such as square, linear, 

U shape, L shape & T shape. 

Air movement around buildings may increase the energy consumption within the structure during 

winter and decrease it in the summer (Boutet, 1988). 
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Height of room & building envelope: The peak summer temperature can be reduced by 

increasing the ceiling height. By increasing the ceiling height from 2.5m to 3.5m in a medium 

thermal mass office, the peak summer temperature can be reduced by 1.5C if glazed areas are kept 

constant (EnREI programme, 1995). In addition, stack effect (through stairwells and other shafts) 

can be increased by increasing the height of a multi-story building when the wind flow is weak. 

Length of the room and building envelope: For 'single side ventilation', the depth of the room 

should be between 2 to 2.5 times of the height for an effective ventilation. For cross-ventilation, the 

depth should be between 2.5 to 5 times the height of the room [(CIBSE AM 10, 2005) and (BB 101, 

2006)]. 

Opening in building envelope: The orientation, size and style of the windows have significant 

impacts on the ventilation rate in a building. For instance, ventilation rate can be increased by 

placing a window on the building edge and perpendicular to the summer winds (impact of window 

orientation). The opening size should be determined according to the minimum required area for 

the worse-case summer ventilation scenarios. For single-sided ventilation, the opening area 

required is approximately 5% of the floor area and for cross ventilation, the opening area required 

is approximately 2% of the floor area - 1 % on each side of the space (impact of window size). In 

addition, different window types have different ventilation characteristics, acoustic properties and 

weather protection levels. For example, sash windows are often used in schools because they 

provide high and low level openings, thereby giving occupants a considerable amount of control. 

However, only 50% of their area is available for ventilation (CIBSE Guide B2, 2005). Side hung 

casement windows give a greater open area, but care must be taken to ensure that they do not 

present a safety hazard when fully open (BBIOI, 2006). In upper stories, the openings of windows 

are often restricted to minimise the risk of children falling out of windows (impact of window 

style). 

• Site potential for having natural ventilation 

Each site according to its characteristics has different potential for providing natural ventilation for 

the building. It is possible to divide the sites according to their potentials into 3 different groups: 

- High potential sites: High potential sites refer to the sites that have potentials to increase the 

natural ventilation by making amendments to the site. Air movements can be redirected in order 

to provide higher natural ventilation, by designing a suitable landscape around the building. 

Parallel plants can deflect wind or funnel air into the narrow way created between them, and 

generate a higher wind velocity. For example, the wind velocity can be increased by up to 25% 

by decreasing the spaces between trees that redirect the air flow (Allard et ai, 1998). 

- Low potential sites: Low potential site refers to sites that decrease the natural ventilation 

potential for the building built on according to the site characteristics (Allard et ai, 1998 and 

CIBSE AM 10, 2005). In the following, two examples of such sites are discussed: 
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High terrain sites: Types of terrains that surround a building, have a significant impact on 

the local wind speed and also the building's potential to have natural ventilation. The local 

wind speed is reduced if the terrains are congested in comparison to the metrological wind 

speed, and consequently the building's potential for using natural ventilation is reduced. 

Dense sites: A very dense urban area can a have significant impact on local wind speed 

and consequently have a negative impact on the potential of the building for using natural 

ventilation. To overcome this loss of ventilation potential, the spaces that need more 

ventilation should be placed in the highest floor where wind flow is stronger and are not 

sheltered or obstructed by other buildings. 

- Zero potential sites: These kind of site due to their characteristic (the barriers exists on these 

sites), they do not allow the building to benefit from natural ventilation and therefore called zero 

potential. The barriers include noise, air pollution, safety, shading and drought prevention. 

Noise and air pollutions are the most important barriers as they can have a significant negative 

health impact on occupants. 

Noise as a barrier: Although natural ventilation systems do not generate noise 

themselves, but transfer external noise into the buildings (BB 101, 2006). For this reason, 

the estimation of noise level in urban regions (Wilson et ai, 2005) and the indoor ambient 

noise which are produced by the occupants (BBI01, 2006) are necessary if the potential for 

natural ventilation is to be assessed. In European cities, 10 to 20 percent of urban 

residences experience a noise level of more than 65dB(A) according to Wackernagel et al. 

(1999 cited Santamouris, 2005, p.l5). Unacceptable noise levels affect 10 to 50 percent of 

urban inhabitants according to Dorbis assessment carried out by European Environment 

Agency (ibid). In addition, 130 million people are exposed to unacceptable noise levels 

(Santamouris, 2005) in DECD countries (twenty countries that originally signed the 

convention of the Organisation for Economic Co-operation and Development on 14th 

December 1960. For this reason, noise is a barrier for using natural ventilation in many 

countries. At present, the strategy for acoustic performance of schools agreed by BB93 and 

Building Regulation, demand a careful focus on the interaction between acoustic 

performance and ventilation strategy in school buildings. This is because the experience 

has shown that good natural ventilation strategies have not performed well in practice, as 

some have a conflict with acoustic comfort since they transmit unwanted sounds (BBI01, 

2006). 

The noise sources are road vehicles, rail & air traffic. These are often counted as barriers 

for utilising natural ventilation since windows are required to be kept closed to maintain the 

background noise at the recommended levels and provide acoustic comfort. It is generally 

accepted that the impact of external noise is attenuated between 8 dB to 14 dB according to 

the size and extent (degree) of an opening by closing it. Therefore, in a school classroom, 
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the external noise level should not be greater than 49 dB so that the accepted level of 35 dB 

for background noise can be achieved when windows are closed. [Note: BB 10 1 accepts 

54dB as the maximum acceptable external noise (Parkin, 2005)]. Unfortunately, 90% of 

rural residents and sub-urban school sites in the UK (the sites set back 30m from the main 

road) experience a high level of background noise as their external noise levels exceed 

49dB(A) as shown by research funded by the DtES. 

Air pollution as a barrier: Another barrier for utilising natural ventilation is air pollution. 

The ratio of indoor-outdoor concentration depends on the function of airflow from one side 

to the other side of facade and also the outdoor concentration (Chiaus et ai, 2005). A study 

shows that outdoor concentration has an impact on indoor concentration even when 

windows are closed. This impact varies according to the air tightness of buildings. 

Therefore, utilisation of the natural ventilation in a polluted area significantly causes the 

outdoor concentration to transfer indoor. Thus, indoor quality becomes more polluted as 

the indoor environment is another source of pollution itself. Indoor air pollution is a reason 

for a range of health effects, from discomfort to chronic illnesses. As a reSUlt, by sacrificing 

the use of ventilation in polluted sites, it is possible to reduce indoor pollution and its 

impact on the occupants. 

Other barriers: Other barriers that reduce buildings' potential for using natural ventilation 

are safety, shading and drought, etc. The impact of these barriers can be reduced by the 

application of appropriate architectural solutions. Noise and pollutant site issues are out of 

architectural responsibilities and are mostly dependant on urban design solutions. 

- Safety: The opening in the building's envelope should be protected against 

unauthorised intrusions. The unauthorised intrusion can be people, animals (e.g. mice, cats, 

dogs, birds, etc) and insects (e.g. bugs, mosquitoes, etc) which can enter from naturally 

ventilated openings in buildings. To overcome this problem, the size of the openings can be 

reduced, bars can be added and/or insect screens added to the window frame. Although 

these techniques can protect buildings' envelope from unauthorised intrusions, they also 

limit and reduce the intensity of natural ventilation and have negative impacts on daylight 

and visual contact to the outside. Careful design may overcome this problem (Maldonado, 

1998). 

One of the solutions is to have a window with two separate openings, one allocated to 

daylight and outside viewing and the other to natural ventilation. The latter should be 

insulated with a shutter that protects the inside from unauthorised access. 

- Shading: Blocking direct solar gain to reduce the risk of overheating either by external 

(overhang, fins, roller shades, etc) or internal shading (curtains, shade, etc) can have a 

negative impact on air flow. Natural ventilation and shading are coexisting phenomena that 

require architectural solutions. Lack of architectural concern regarding the interrelation 
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between shading and natural ventilation can result in the shading becoming a barrier for 

natural ventilation. One of the solutions to overcome this problem is the use of vertical fins 

or horizontal slab shading, which are fixed shading devices. Although these kinds of 

shading protect the inside from direct solar gain, they create a larger pressure difference on 

the building envelope increasing the barrier to natural ventilation. As a result, lack of 

sufficient design consideration could cause the shading to become a barrier for having 

natural ventilation (Maldonado, 1998). 

- Draught: The air exchange rate between the inside and outside of a building depends 

on the wind speed and temperature difference. Natural ventilation should be provided in a 

building even in poor conditions (i.e. low wind speeds and small temperature differences) 

however, the window opening should be large enough to satisfy the building requirements 

in poor conditions. A careful design should be applied to prevent draughts when the wind 

speed and temperature difference are high, because the occupants cannot respond to rapid 

fluctuations of outside conditions and consequently this could cause large air exchange 

rates. In addition, automatic controls (where used) cannot respond to fast changing outdoor 

conditions. As a general solution to overcoming this issue, windows with multiple 

openings could be used that allow the occupant to open them as per their preference i.e. 

window openings could be used separately. Hence it can be seen that the lack of sufficient 

design consideration could result in drought and becomes a barrier to having natural 

ventilation (Maldonado, 1998). 

- Occupants' lack of knowledge: Openings can be designed in such a way that are 

suitable for cross ventilation (by increasing the intensity of air exchange rate as a result of 

increasing the opening area) or single side ventilation (by increasing the stack effect by 

opening a portion in the lower zone and another in the upper zone). For example, Figure 3-

1.6 illustrates a window with different types of openings. The opening A and C create 

single side ventilation and openings B provide cross ventilation. Therefore, the occupants 

of such buildings should have primary knowledge of which parts of the windows should be 

opened or kept closed to maximise the benefit of natural ventilation. Unfortunately, this is 

not always the case and this leads to the building losing its natural ventilation potential 

(Maldonado, 1998). 
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Figure 3-1.6: Diagram of a window with multiple openings that allow 

the building to have both cross and single side ventilation (Maldonado. 1998) 

- Rain: Rain is also is one of the barriers for using natural ventilation as it may enter a bUilding. 

To prevent the rain from entering a building. openings should be controlled manually (by 

occupants) or automatically (Maldonado, 1998). 

d7) Adoption of suitable strategies to provide natural ventilation 

As discussed in this section, there are different strategies for achieving natural ventilation. These 

strategies can be implemented to provide the opportunity of using natural ventilation for a building 

which is located in a Zero potential site (e.g. noisy site). 

For example, Breathing Buildings Company proposes a natural ventilation system with a 25dB 

attenuation level which provides the opportunity for natural ventilation in Barnfield South 

Academy. This building is located under the Luton flight path, immediately adjacent to the MI 

motorway, where the chance for having natural ventilation without precaution is limited (Breathing 

Buildings,2011). 

d8) Summary of the impact of natural ventilation on indoor temperature 

It can be concluded that the utilisation of natural ventilation is beneficial and cost effective. It is 

also more acceptable to the occupants. Possibility of having natural ventilation depends on 

buildings, sites potential and also the strategy which is applied for having natural ventilation. 

Therefore, a building'S potential to use natural ventilation is not sufficient on its own unless the site 

has this potential. Selecting a ventilation strategy that is compatible with the building and site is 

important in order to have the full benefits of natural ventilation. For this reason and in order to 

naturally ventilate a building, the emphasis should be given to achieve multi-dimensional approach 

for the building, site and also natural ventilation strategy. 
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3.2. Analysis: Impact of high level aircraft noise on summer overheating 

Overview 

The aim of this part of the research is to assess the impact of aircraft noise on summer overheating 

and compare occupants' dissatisfaction from overheating and the occurrence of overheating in 

noisy schools with quiet ones. For this reason, the study is carried out both objectively and 

subjectively. 

3.2.1. Objective study: 

The objective study is carried out based on the objective data that are collected. The objective data 

are indoor temperature, building data which are explained around 'ventilation potential, solar gain 

and thermal mass' and climate data which are explained around 'outdoor temperature and solar 

irradiance data' . 

The indoor temperature of 70 classrooms from 18 free running primary schools were recorded 

every half an hour by placing two 'I Buttons' with the accuracy of 0.5 0 C in each classroom. The 

indoor temperature was recorded for both occupied and unoccupied durations. In UK Primary 

Schools. children attend school from Monday to Friday between 0900 to 1530 hOUTS. The occupied 

indoor temperature mentioned in this text refers to the recorded classrooms' temperatures over 

these durations. In order to assess the impact of aircraft noise on indoor temperature. a study is 

carried out in the following stages: 

3.2.1.1: Compare classrooms indoor temperature on each day with different overheating criteria 

which are either based on adaptive or fixed models (the result is called classroom-day indoor 

temperature). 

3.2.1.2: Categorise classrooms based on building factors, and duration of study based on climate 

conditions. 

3.2.1.3: Compare those classroom-days indoor temperatures (assessed based on fixed and adaptive 

model in 3.2.1.1) which have similar building factors and climate conditions. but located in 

different regions (i.e. noisy and quiet). 
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3.2.1.1: Compare indoor temperature with different overheating criteria: 

In this part of the study. the indoor occupied temperatures for each classroom on each day for the 

duration of occupied hours, are compared with the fixed and adaptive overheating models to 

determine the classrooms' risk to experience overheating. The overheating models are mentioned 

earlier in this chapter. This comparison is carried out for each day. This is because the climate 

conditions are different for each classroom on each day, therefore each classroom on each day 

creates a unique scenario. Samples of these data can be found in Appendix.8. 

So the following data are provided for each classroom on each day of the study which is defined as 

'Classroom-Day' in this research. Each classroom therefore has many Classroom-Days data 

according to their duration of study. 

The results of the study of indoor temperature based on adaptive mode are as follow: 

Percentage of dissatisfaction from overheating for each day (mean and maximum are 

calculated and coded as Mean.PDH and Max.PDH). 

Maximum allowable deviation from adaptive thermal comfort for each day (coded as 

PGRCatII and PGRCatIII). 

See Appendix 8.2 and Appendix 8.3. 

The results of the study of indoor temperature based on fixed model are as follow: 

The percentages of occasions that indoor temperatures exceed 25°C for each day (these 

data are coded as PGR 25DC). 

The percentages of occasions that indoor temperatures exceed 28DC for each day (these 

data are coded as PGR 28DC). 

See Appendix 8.4. 
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3.2.1.2. Categorising schools (and consequently their classrooms) based on building 

factors, and duration of study based on climate condition: 

According to cmSE TM37 (2006), overheating can be controlled by building factors against 

climate conditions. For this reason, to study the impact of high levels of aircraft noise on indoor 

temperature, comparisons are carried out between the indoor temperatures (which that are already 

assessed based on different overheating criteria) in classrooms with similar properties (i.e. thermal 

mass, solar gain potential) and climate conditions (i.e. on days which have similar solar irradiance 

and outside temperature) [but located in noisy areas with those classrooms located in quiet areas]. 

In order to have similar building properties (i.e. thermal mass, solar gain potential) with the same 

climate conditions (i.e. on days which have similar solar irradiance and outside temperature), the 

categorisation should be carried out as follow: 

Firstly: Classrooms should be categorised based on building factors which are 

schools' ventilation potential, classrooms' thermal mass level and risk of receiving 

solar gain. 

Secondly: Duration of study should be categorised based on daily solar irradiance and 

cooling degree hours. 

a) Categorising schools (and consequently their classrooms) based on building 

factors: 

As it was mentioned earlier in the literature review, according to cmSE TM37 (2006), the 

principles of overheating control are: the control of solar gain, internal gain, thermal mass, 

ventilation and design factors. 

In this section: 

- Firstly the schools are categorised based on their locations which may have impacts on their 

ventilation potential. The term of ventilation potential is used as there are some barriers such as 

noise to use natural ventilation in naturally ventilated buildings. 

- Secondly, the schools are categorised based on their thermal mass level. The schools under 

study are from a broad construction time range (i.e. Victorian to modem) with different build 

specifications. 

- Thirdly, classrooms are categorised based on their risk of receiving solar gain. 

- Fourthly, internal gains inside classroom are studied. 
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a1) Categorising schools (and consequently their classrooms) based on background noise 

level: 

According to the comprehensive study carried out in the literature review, it is suggested that the 

high level of background noise in regions within a close distance to airports may be a predominant 

obstacle for having natural ventilation. The validity of this is tudied in this chapter. 

There are 5 different airports in and around London. Heathrow Airport i the large t airport with 

the highest volume of traffic among them (Figure 3-2.1). 

Figure 3-2.1: Airports location around London 

The schools chosen for this study are simply categorised as noisy or quiet schools. Noisy schools 

are defined as those lying in the Heathrow noise map of above 57dBA and Quiet schools are 

defined as those lying outside the noi e map. The benchmark of 57dBA is under constant review 

(Peters et aI, 2011). Aircraft noi e contour are hown in Figure 3-2.4. The lowest level contour 

provided on noise maps for Heathrow i 57 dBA and regarded as the limit to the noise impact of 

the airport because the percentage of people who found aircraft noi e to be unacceptable, increases 

from] 5% at 57 dBA to around 57% at 69 dB based on the Aircraft Noise Index Study (ANIS) in 

1984 (ibid). The classrooms of noisy schools are identified a 'noisy classrooms' and the 

classrooms of quiet schools are identified as 'quiet classrooms'. 

The hypothesis of thi tudy i that the schools which are at a further distance from Heathrow 

Airport (located on the noi e contour below 57 dBA) do have the potential for having natural 

ventilation, such as the ones located in Haringey and Islington, while the schools that are located in 

Hounslow borough which are located in the vicinity of Heathrow airport (located on the noi e 

contour above 57 dBA) do not have uch potential. 

It should be noted that in this study the schools were cho en in uch a way so as to be at a 

considerable distance from main road and con truction ite. For this reason, the one located 

within a close distance to Heathrow Airport (above 57 dBA) only uffer from aircraft noise and 

those located at a far di tance to Heathrow Airport (below 57 dBA) do not suffer from any kinds of 

environmental noises. 
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Figure 3-2.2: Heathrow airpon location in relation to Houn low. Haringey & Islington Boroughs 

Figure 3-2.3 illustrates the noise contour around Heathrow Airport. As can be seen, the level of 

aircraft noise is high around the airport. 

Figure 3-2.3: Noise contours map on Hounslow borough 
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Figure 3-2.4 shows the locations of schools in Hounslow Borough when overlapped with the Noise 

Contour map. As can be seen, not all the schools located in this borough suffer from a high level of 

aircraft noise. 

Figure 3-2.4: Noise contours map & schools ' locations 

In adclition, the noise level of all schools in this study are summarised in Table 3-2.1. 
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Table 3-2.1: Aircraft noise level in each school (using data derived from Figure 3-2.4) 

In the questionnaires, the teachers were asked to rate the aircraft noi se which is heard inside 

classrooms from one to seven. Graph 3-2.lshows the average of teachers' perceptions regarding 

aircraft noise based on the schools locations on the aircraft noise contour (above 57: Noisy, below 

57: Quiet). 

Above.57-Noisy Below.57·Quiet 

Schools' loclltlon on the a1rcrft noise countor (dB) 

Graph 3-2.1: Teachers' perceptions re aircraft noise vs. schools' locations on the noise counter 
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Graph 3-2.2 shows the average of teachers' perceptions regarding aircraft noise inside the 

classrooms versus the schools' locations on the noise counter map (above and below 57dBA noise 

contour map). As can be seen, teachers of the schools located on the noise counter of above 57 

dBA rated a higher level of aircraft noise inside the classrooms and vice versa. 

In order to have a better understanding of how the aircraft noise is heard inside classrooms and its 

relationship with schools' locations on the noise counter map, the teachers' perceptions on aircraft 

noise are compared with the schools' locations on the noise counter map of above 57 dBA through 

regression analysis (Appendix 10.3) . The result of this comparison shows a significant relationship 

between them (n=59, p<O.05 and r=0.316) which is shown in the following graph (Graph 3-2.1). 

As can be seen from this graph, teachers' perception on aircraft noise is higher in schools' located 

on the hjgher aircraft noise counters and vice versa. 
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Graph 3-2.2: The relation between schools' location on aircraft noise 

contour map with aircraft noise perceptions 
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Figure 3-2.5: Close distance of Heathrow Airport to a school 

Figure 3-2.6: Medium distance of Heathrow Airport to a school 

Figure 3-2.7: Medium distance of Heathrow Airport to a school 

Figure 3-2.5. Figure 3-2.6 and Figure 3-2.7 show the variable distances between the flight path and 

schools. which is the reason that the occupants in these schools suffer from variable levels of 

aircraft noise. 
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According to the above explanation, schools are divided into two groups of Noisy schools 

and Quiet schools according to their locations on the noise contour map (Graph 3-2.3) . 

Location 

Graph 3-2.3: Schools' breakdown according to their locations 
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a2) Categorising schools (and consequently their classrooms) based on their thermal mass 

level: 

According to the comprehensive study regarding the history of school design in the UK which was 

carried out in Chapter Two, it can be concluded that the schools in the UK are divided into the 

following types: 

1- Victorian schools 

2- Open air schools 

3- Post war schools 

4- Post oil crisis school 

5- PCP and BSF school 

In this part of study, classrooms are categorised based on their thermal mass level which are heavy, 

medium and low. The properties of a low thermal mass building is in such a way that it heats up 

and cools down quickly unlike a heavy thermal mass building, which stores heath during day time 

and releases over night, hence less thermal fluctuation. A medium thermal mass is in between. 

Each classroom has 6 surfaces which are external wall (s), internal wall(s), ceiling and floor. In 

order to categorise classrooms based on their thermal mass, all surfaces should be studied. On each 

surface firstly, construction material and secondly, percentage of each material should be 

considered. All classrooms are mainly covered with carpet therefore the study of the floors can be 

discounted. In the following pages, it is explained how the schools are categorised in a specific 

thermal mass category (i.e. low, medium and heavy). 
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- Heavy thermal mass school: 

The Victorian schools were built before 1920. The following figures (3-2.8 and 3-2.9) show the 

internal and external wall of one of the Victorian schools under study (Hungerford primary school). 

As can be seen, internal and external surfaces are constructed with exposed brick works. 

Figure 3-2.8: Internal wall- exposed brick work (heavy thennal mass) 

Figure 3-2.9: External wall- exposed brick work (heavy thermal mass) 

Generally in these schools, internal & external walls are solid built either with bricks or blocks 

which are internally and externally exposed, both load bearing. Ceilings are built of timber frame 

covered with plaster boards which are classed as low thermal mass materials. 

In these schools, 4 out or 5 surfaces (floors are discounted) contain heavy thermal mass material 

(nearly 80%). For this reason, it is possible to categorise Victorian schools as heavy thermal mass. 

Table 3-2.2 shows the summary of thermal mass levels for different surfaces in Victorian schools. 
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Schools 
Thermal 

Result 
mass surfaces 

~ Heavy external wall (5) Heavy 
:c Heavy internal wall (5) Thermal E « Lowceiling mass 

CD 
c: Heavy external wall (5) Heavy 
iii .. Heavy internal wall (5) Thermal CD 
"0 low ceiling mass 0 

E Heavy external wall (5) Heavy ca .c Heavy internal wall (5) Thermal ii u.. low ceiling mass 

'C .. 
0 Heavy external wall (5) Heavy .... 
~ Heavy internal wall (5) Thermal 
Cl 
c: Lowceiling mass :J 
:I: 

Table 3-2.2: Thermal mass level in each Victorian school 

- Low thermal mass schools 

Open air schools were built in early] 920s fol\owing concerns over the spread of tuberculosis and 

Post war chools were built as a result of baby boom and shortage of school. In this duration, 

instead of solid walls, buildings were built with cavity walls without insulation. 

• Open air schools 

As a so lution to overcome tuberculosis, these schools were built with large areas of glas 

windows installed on two sides to allow cross ventilation. In other words, these classrooms have 

two glass external walls and two solid internal walls. The main characteristic of these schools is 

that they have a row of classrooms with windows on both sides. Due to the environmental 

improvements made to this types of schools at a later stage, the classrooms were covered with a 

glass corridor on one side (Figure 3-2.10). 
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Figure 3-2.10: Cranford Junior School (Open air school) 

Figure 3-2.1] shows the corridor side view (right image) and play ground (adjacent to the 

corridor, left image) in an open air school. 

Figure 3-2.11 : Corridor and play ground view in an open air school 

Figure 3-2.1 2 (left) shows the outside view from a classroom and Figure 3-2.12 (right) shows the 

view from classroom to the corridor in an open alr school. 

Figure 3-2.12: Internal wall (left) I External wall (right) made of glass - low thermal mass 

Due to a large portion of glass in the external and internal wall adjacent to the corridor, these walls 

are classed as low thermal mass. 
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At these schools, the dividing walls are brickwork covered with plaster board which reduces the 

capability of storing heat, hence makes these walls to be classed as medium thermal mass. Ceilings 

are constructed of light-weight pitched roofs (low thermal mass). As a result, 3 out of 5 surfaces 

(nearly 60%) are low and the rest are medium thermal mass. For this reason, these schools can be 

categorised as low thermal mass buildings. 

• Post war schools 

Post war schools can be discussed around two groups of schools. Group one are light-weight 

schools and group two are those built with prefabricated materials. 

Group 1: Light weight school 

These schools are mainly one story buildings built with light frames (steeVtimber) and their internal 

spaces are divided with plaster board which is low thermal mass. Ceilings are also constructed with 

light material. 

Figure 3-2.13, 14 and 15 show the external walls, ceiling and internal walls of such schools. As can 

be seen from Figure 3-2.13, the external is a curtain wall which is categorised as a low thermal 

mass material. As can be seen from Figure 3-2.14, ceilings are of a corrugated type ceiling which is 

again a low thermal mass material. The internal walls are made of plaster board which is also 

categorised as a low thermal mass material (Figure 3-2.15). 

Figure 3-2.13: External wall- Curtain wall (Low !hennal mass) 
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Figure 3-2.14: Ceiling - Corrugated ceiling covered with suspended plaster-board ceiling (low thermal mass) 

Figure 3-2.15: Internal wall- plaster board (low thennal mass) 

Figure 3-2.16 shows another type of post war light-weight school. This school has been constructed 

with portal frames. Ceilings are covered with corrugated metal sheets and therefore considered as 

low thermal mass surfaces. Externals are cavity walls without insulation which are considered as 

medium thermal mass surfaces (Figure 3-2.16). Internal walls are constructed with plaster board 

which are considered as low thermal mass. 

Figure 3-2.16: 

Ceiling - Portal frame (low thennal mass) 
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Figure 3-2.17: 

External wall- Cavity wall without insulation (low thermal mass) 

As a result, in these schools, nearly 4 out of 5 surfaces (nearly 80%) and in some schools 5 out of 5 

surfaces (nearly 100%) are of low thermal mass materials. For this reason, they can be categorised 

as light weight schools which are low thermal mass. 

Group2: Prefabricated schools 

Pre fabricated schools are also an outcome of post war and shortage of schools. Prefabricated 

classrooms which are famous as mobile classrooms are constructed with low thermal mass 

materials. These schools have timber frames covered with timber sheets which have a low thermal 

capability. Figure 3-2.18 shows samples of these classrooms. 

Figure 3-2.18: Prefabricated classrooms (low thermal mass) 
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In these schools, 5 out of 5 surface (nearly 100%) have a low thermal mass material. For this 

rea on, they can be categorised as low thermal mass schools. 

In summary, Post War schools that are grouped into 'tight weight' and 'prefabricated ' schools are 

considered as low thermal mass schools. 

The followi ng table (Table 3-2.3) shows the summary of the level of thermal mass in different 

surfaces in open air and post war schools. 
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Low lntrmal WIl li (sl Thermal 

Low cellini mass 

~<III<m.I_II IsI '--
l.Dw In ....... 1 WIl li lsI n-mal 

mass 

Table 3-2.3 : Thermal mass level in Open air and Post war primary schools 

Medium thermal mass school 

Energy efficient school (po t oil crisis schools) were constructed after oil crisi in 1970s. In thi s 

duration, there was a great concern regarding insulation and meeting suitable level of U value. 

Insulation was applied to cavity walls which were usually without insulation. Loft and roofs were 

covered with suitable amount of insulation. Internal walls were constructed as load bearing walls 

with expo ed brick which can be considered as a heavy thermal mass material. The internal walls 

were usually covered with either plaster or notice boards which are considered as medium thermal 

ma s material. 

Figure 3-2.19 how an internal urface constructed with brick and covered with notice board. 

Brick u ually has heavy thermal properties, however in these schools, this capability reduces due to 

the high percentage of walls ' area being covered with notice boards. This leads to them being 

c1as ed as medium thermal mass cia room . 
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Figure 3-2.19: Internal wall in Pools Park Primary school (an energy efficient school) 

Figure 3-2.20 shows an internal view of a Victorian school. As can be seen from this figure, 

although a part of the surface is covered with student works, a large area of the wall is out of the 

reach of students and teachers (due to high ceilings) and therefore brick surfaces remain exposed. 

This is why they are considered as heavy thermal mass. 

Figure 3-2.20: Internal wall in Ambler Primary school (a Victorian school) 

Although post oil crisis schools have a lower level of thermal mass in comparison with Victorian 

schools to control the high level of indoor temperature (as a result of solar gain during cooling 

seasons), external walls and ceilings have a higher resistant (lower U value) to control high indoor 

temperature (as a result of high outside temperature). 
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- The difference between external walls in Post Oil Crisis and Post War schools 

External walls in Post Oil crisis schools have a higher resistance (due to insulation in cavity walJ) 

than external walls in Post War schools, therefore provide better environmental conditions. In Post 

Oil Crisis school s, the level of heat transfer from outside to inside is lower due to the lower U 

value. 

Figure 3-2.21 & 22 show the plan and view of Hounslow Town primary school a a Po t War 

school. Figure 3-2.23 & 24 show the plan / overview of Andrew Ewing as a Post Oil Crisis school. 

As it can be seen in both schools, most of the classrooms' urfaces are allocated to external rather 

than classrooms' internal walls. Hounslow Town heat up very quickly not only due to the low level 

of thermal mass (that do not have capability to store excessive solar gain) but also due to heat 

transferring very quickly to the inside (due to the lack of in u)ation in cavity wall) in comparison 

with Andrew Ewing. 

Figure 3-2.21: Plan of Hounslow Town primary school (left) 

Figure 3-2.22: Overview of Hounslow Town primary school (right) 

Figure 3-2.23 : Ground floor plan of Andrew Ewing primary chool (left) 

Figure 3-2.24: Overview of Andrew Ewing primary school (right) 
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- The difference between ceilings in Post Oil Crisis, Victorian and Post War schools 

Ceiling in Post Oil Crisis schools have a higher resistance than ceilings in the Victorians and Post 

War schools, therefore provide better environmental conditions by stopping heat transfer from 

outside to inside. The reasons are explained as follows: 

Ceiling in Victorian schools were constructed with timber frame covered with plaster boards. They 

were constructed with light-weight materials in Post War and with insulated concrete slabs in Post 

Oil Crisis. None of these ceilings have the ability to store heat generated by direct solar gain 

(through windows). Among these ceilings, Post Oil Crisis ceilings have the highest resistance 

(lowest U value) and therefore have a higher ability to stop heat to transfer to the inside space. This 

is the case for classrooms which are located on the top floor. 
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The following table (Table 3-2.4) shows the summary of the level of thermal mass in Post Oil 

Crisis schools. 

Schools 

c'fi 
GI .. 
GI ::I .. z: 
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GI -o 
> • o 0 
t;a:: 

.!!..x o .. 
o • a.. a.. 

.. • 
- -0 0 -c:; 

EnerlY criaiI school 
Thermal mass surfaces Result 

Medium externa l wa ll (s) Medium 

Meclitlm interna l wa n (s ) Therma l 

MeditJm eei ling mass 

Medrum external wa ll is ) Medrum 

Meditlm internal wa ll (s ) Therma l 
Medium eei ling mass 

Medrum extern a I ~w l1 Is ) MediLIm 

Medium internal \'.o'il ll (s ) Therma l 

Medium ceiling mass 

MeditJm extem a 1 wa 11 (s ) Medium 

Meditlm interna l wa ll (s ) Therma l 

Medium ceiling mass 

Med m externa l wa ll (s ) MeditJm 

Med" m interna l \\'<1 11 (s ) Therma l 

Meditlm ceiling mass 

Medi1Um externa I "w I) (s) Medrum 

Medt1Um interna I \\'<1 II (s ) Thermal 

Medium ceiling mass 

Medium externa I ~"''il ll (s ) Medium 

Medium interna l wa 11 (s ) Therma I 

Medium eei ling mass 

Medium ..a. .1 ........ -
Table 3-2.4: Thermal mass level in energy efficient schools under study 
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In the following flowchart (Graph 3-2.4), noisy and quiet classrooms are categorised based on their 

thermal mass level. 

It is not possible to study all the categories, as heavy and low thermal mass schools (built over two 

periods of 'Victorian' and 'Post-world war-II' respectively) have not evenly been constructed (in 

noisy & qruet regions) in London boroughs. For example no heavy thermal mass schools have been 

constructed in a noisy area such as Hounslow or there is only one low thermal mass school in quiet 

areas. Therefore, the impact of high level of aircraft noise in schools with medium thermal mass are 

studied as there are a considerable number of them evenly constructed in noisy and quiet regions. 

Therefore up to this stage, there are 2 available series of classrooms as follows: 

1- Noisy, medium thermal mass 

2- Quiet, medium thermal mass 

Building factors 

Location 

Building factors 

Graph 3-2.4: Schools' break down according to their location and level of thermal mass 

130 



a3) Categorise classrooms based on maximum risk of receiving solar gain: 

As mentioned earlier, one of the overheating control principles is to control solar gain. The amount 

of solar gain that each classroom receives is different on each day as the climate conditions (solar 

irradiation, sky type etc.) vary depending on the day. 

On a clear day, classrooms could receive maximum solar gain. In order to calculate the maximum 

risk of receiving solar gain for each classroom during the duration of the study (June & July), the 

'CmSE design 97.5 percentile for a clear day in June and July' is used (Appendix 3). 

The maximum risk of receiving solar gain by each classroom is calculated by multiplying four 

factors which are the window area, Perimeter area, average daily solar irradiance for a peak day in 

June and July on vertical surfaces & shading coefficient. The impact of overshadowing is 

considered in the effect of solar irradiance. 

Window area: is measured in individual classrooms with a simple measuring tape. 

Perimeter zone: is measured in each single classroom from schools' construction 

drawings. Perimeter zone refers to the floor area which is within 6 meters on the plan from 

a window wall. 

Average dailv solar irradiance: is calculated as follows for each orientation. 

The design 97.5 percentile of beam and diffused irradiance solar data for London are 

shown in the CmSE Guide A (2006) for a 12 month period from sunrise (3:30 am solar 

time) to sunset (20:30 pm solar time) at hourly intervals. Table 3-2.5 and Table 3-2.6 show 

the solar irradiance data in the form of beam, diffused and global for the months of June 

and July for London from sunrise to sunset (extracted from CmSE Guide A). In the last 

column, the average daily solar irradiance for peak days in June and July are calculated for 

each orientation as one of the parameters required to calculate the classroom's maximum 

risk of receiving solar gain. 

Tables 3-2.5 and Table 3-2.6 show the amount of hourly and average solar daily irradiance 

data for a peak day in the months of June and July. 
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Table 3-2.5: Hourly and average daily solar irradiance data for a peak day in June from sunrise to sunset 

(Derived from ClBSE, 2006 - Appendix 3) 
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Table 3-2.6: Hourly and average daily so lar irradiance data for a peak day in July from sunrise to sunset 

(Derived from CmSE, 2006- Appendix 3) 
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Table 3-2.7 summarises the results of the above tables and shows the average daily solar irracliance 

(W/m2) for a peak day in the months of June and July which are received at each orientation from 

sunri se to sunset. 

Average Average Average 
Orientation WInY- WInY- WInY-

June July June and July 

N 137 126 132 
NE 205 189 197 
E 280 259 270 

SE 270 253 262 
S 222 212 217 

SW 266 252 259 
W 275 258 267 

NW 203 188 196 

Table 3-2.7: Average solar daily irradiance for a peak day 

in the months of Jun and July in each direction 

- Shading: The amount of shading are studied under two categories of building shading devices 

and overshadowing. 

The amount of solar gain that penetrates into the classroom can be reduced by building 

shacling devices and overshadowing by other buildings or trees. 

i. Bui lding shading devices: 

The building shading devices are divided in to temporary or permanent hading. 

a) Permanent shading: 

• Solar fi lm reduces the amount of solar radiation that penetrates into a classroom 

depending on its specification. One of the schools used for this study (Feith am Junior 

School) is equipped with solar film. 

• Overhang blocks the solar penetration depending on its position and surface area. Some 

classrooms under tudy (Grove Road Primary School) are equipped with overhangs. 

The fraction of solar gain which is blocked according to the dimensions of the window 

and the overhang in each direction are shown in Appendix.5. 

b) Temporary shadi ng: 

The impact of temporary hadi ng is determined by the type of the blinds used in 

classrooms and also the duration that the blinds are shut. This information has been 
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collated through questionnaires. The impact of temporary shading is very small and 

negligible for the purpose of this study. 

ii. Overshadow 

The formula [Qsl = (l/Ap) L (Ag Qs geff)] proposed by CIBSE TM37 under the name of 

'Design for Improved Solar Shading Control' does not consider the impact of 

overshadowing effect and only considers solar shading. In the case that a building (a 

classroom in this study) is overshadowed by other buildings or trees, the solar irradiance 

can be masked completely (by other buildings or part of the main building) or partially by 

trees which are constructed or planted near the building respectively. British Standard (BS 

no. 8206-Lighting for Building) presents a method of drawing the probability of sunshine 

diagram in order to calculate how the buildings and trees are masking solar irradiance. 

a) Overshadowing by building: If solar irradiance is masked by other buildings or part of 

the main building itself, the amount of solar irradiance over the overshadowed period is 

considered zero. 

b) Overshadowing by tree: Trees transfer different amount of solar irradiance according to 

their density. 
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Table 3-2.8 shows the types of the trees creating shading on the classrooms referred to in this 

study. The types of trees in this study are recognised with the help of a specialist. The shading 

coefficients of some of the trees are not available in the reference (Table 3-2.1). Therefore, using 

the Table 3-2.1, the specialist helped the author to make educated e timates for coefficients of the 

trees for which no data are available. 

The following table shows the images, names and shading coefficients of the tress that are available 

in this study. As can be seen, the percentages of transmission for all the trees in this study are 

around 15%. 

School 
name 

"C o 
o 

~ 
Z 

Tree image Tree's name Percentage of 
l.Botanical name transmission 
2. Common name during summer 

l.Elaeagnus angustifolia 

2. Ru sian Olive 13 

I.Fagus sylvatica 12 

2.European Beech 

l. Quercu palu tris 15 

2. Pine oak 

1. Betula pendula 15 

2. European Birch 
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1. Crataegus laevigate 14 

2. Engli sh Hawthron 

1. Tilia cordata 17 

2. Littleleaf Linden 

1. Populud tremuloides 20 

2. Quaking Aspen 

1. Acer platanoides 14 

2. Norway Maple 

Table 3-2.8: The types of the trees creating shading on the classrooms referred to in this study, 

with their name, shading coefficient and images 

In thi s study, some of the classroom windows are blocked with varying types of trees. These trees 

on an average block 85% of the irradiance. Therefore, a coefficient of 0.15 is considered to reflect 

the irradiance reaching the windows through the obscuring trees. For this reason, the solar 

irradiance over the times that the building is overshadowed by trees is multiplied by 0 .15. 

The following 3 scenarios show the method of calculating the maximum risk of receiving solar 

gain for a classroom which faces the south direction taking into consideration the impact of 

overshadowing on solar irradiance. 
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• Scenario 1: Figure 3-2.25 shows the plan, elevation, section and sunlight probability of a 

classroom which faces the south and is not overshadowed by any trees or buildings. 
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Figure 3-2.25: Plan, elevation and section of a classroom which faces the south 

and is not overshadowed by any tree or bui lding. 

Table 3-2.9 shows the hourly and daily average of solar irradiance from the south direction in the 

months of June and July, for a classroom that has a window facing the south direction . As can be 

seen, this cia room is not over hadowed by any buildings or trees, so the daily average solar 

irradiance for the months of June and July is 2] 7 W/m2 (average of 222 & 212). 

-- 1)fo 

:. -
-- 1)fo 

:=. -

June 
_ ..... 05'- .. .- - , ".- , .... ,UI , 

A ..... fWWlJ_ 
Mean hourlyirradtaooe IW~2 for swed solar time from sunnse to !iUnsd 

0 0 0 0 Ig 141 ".; ).<2 "" 
,.., m 247 " 7 0 0 0 0 

g Ig 4 1 77 8l 12\ .'" ''0 ' 79 'Ill In ". .30 " n 4' ro 8 .-

• II •• n 10. ,.. .11 <II ... ... ,.., ... 1'" . .. n u 20 • m 

July _I ..... __ L_I_,_II ..... ".. I "'1M -,_,-
"-'.""'" Mean houri lrradIanc:e (I Wm-2 for SUted solar ume from 5umse LO !iUnSCl 

0 0 0 , 1I7 2J6 IJ2 20 0 0 
6 '6 " 67 " .21 " 173 18$ II/; 172 .56 '24 III 7 1l I' -, 

" .15 " 10' 156 lO1 . " .. 54' ... "'1 156 .011 " .15 •• S lIZ 

Sola r irradiance on South direction when ther is not any obstruction""' [(222+212)12]=217 (W1DtJ) 

Table 3-2.9: Hourly and daily average of solar irradiance from south direction in the months 

of June and July for south direction 
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• Scenario 2: Figure 3-2.26 shows the plan, elevation, section and sunlight probability of a 

classroom which faces the south and is overshadowed by a tree. The original shapes of trees vary 

based on the type of the tree. However, they are considered as being cubic for ease in sunlight 

probabibty assessment. 

D 
s..m- A-A 

Figure 3-2.26: Plan, elevation and section of a e1as room which faces the south 

and is overshadowed by a tree 

Table 3-2.] 0 shows the hourly and daily average of solar irradiance from the south direction in the 

months of June and July for a classroom that has a window facing the south direction, taking into 

consideration the impact of overshadowing by a tree. As can be seen, the classroom is 

overshadowed by a tree in the south direction between 10:30 am to 14:30 pm solar times. For thi 

reason, the beam solar irradiance for this duration (10:30-]4:30) should be multiplied by 0.15 

(shading coefficient). Therefore, the daily average solar irradiance for the month of June and July 

is 139.5 W/m2 (average of 142 & 137). 

Table 3-2.10: Hourly and daily average of solar irradiance from the south direction in the months 

of June and July for the south direction considering the impact of overshadowing by a tree 
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• Scenario 3: Figure 3-2.27 shows the plan, elevation and section of a classroom which faces the 

south and is overshadowed by a building. 

D 
SedionA-A 

Figure 3-2.27: plan, elevation, section of a classroom which is faced to the south 

and is overshadowed a bui Iding 

Table 3-2.11 shows the hourly and daily average solar irradiance from the south direction in the 

months of June and July for a classroom that has a window facing the south, taking into 

consideration the impact of overshadowing by a building. As seen, the cia sroom is overshadowed 

by a building from the outh direction between 10:30 am to 14:30 pm solar times. For this reason, 

the beam solar irradiance for this duration (10:30-14:30) hould be multiplied by zero. Therefore, 

the daily average solar irradiance for these months is 125.5 W/m2 (average of 127 & 124). 

Table 3-2.11: Hourly and daily average of solar irradiance from south direction in the months 

of June and July for the south direction con idering the impact of overshadowing by a building 
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Solar gain maximum potential: The maximum amount of solar grun that could be received on 

a clear day in the months of Jun and July are calculated as follow: 

Maximum risk of receiving solar grun in June & July = [Window Area x Average druly solar 

irradiance for the months of June & July (as per CIBSE and considering the impact of 

overshadowing) x Shading Coefficient] I Perimeter Zone 

In this study, the terms of 'maximum risk of receiving solar gain' is used as it is calculated for 

cooling seasons (i.e. summer) during which it has a negative impact on indoor temperature. 

The risk of receiving solar gain of 60 classrooms on a clear day in June and July are calculated for 

the perimeter zone which is within 6 meters on the plan from a window wall. The results vary 

between ' 16 W/m2' and ' 103 WI m2 ' for the perimeter zones (Graph 3-2.5). The distributions of 

these data are tested and it is found out that they are normally distributed (Appendix 10.4). The 

mean and median of these data are 50 WI m2• For this reason, classrooms in this study are divided 

into two groups according to their maximum risk of receiving solar gain on a clear day in June and 

July based on the threshold of 50. 
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Graph 3-2.5: Risk of receiving solar gain in 60 number classrooms 

Perimeter zones of classrooms are selected to calculate solar gain for the following three reasons: 

1- Perimeter zone is the area that receives direct solar load which has the most impact on the 

indoor temperature. 

2- The amount of solar grun (load) is calculated based on perimeter zone to categorise classrooms 

rather than the impact of solar grun on indoor temperature. (If the latter was the case, the 

clas room areas would have been considered). 
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3- The minimum area required for primary school children is around 2 m2 per head. The number 

of children in a classroom varies from 20 to 3D, therefore on average, the required classroom 

area is around 55 m2 in these energy efficient schools. 

In this study, the measured classroom areas are not significantly different from this figure 

according to T test values carried out on 'the classrooms areas' and '55 m2
' (n=59, P<0.05) 

(Appendix 10.5). 

The schools' history background, ventilation potential, thermal mass and maximum risk of 

receiving solar in each classrooms are gathered in schools' characteristic part (Appendix 9). 
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In the following flowchart (Graph 3-2.6), the classrooms which have been categorised based on 

their location and thermal mass level, are broken down according to their maximum risk of 

receiving solar gain (above or below 50 W /m2) . 

Therefore up to this stage, there are 4 avai lable series of classrooms as follows: 

1. Noisy, medium thermal mass classroom with solar gain above 50 W /m2 

2. Noisy, medium thermal mass classroom with solar gain below 50 W/m2 

3. Quiet, medium thermal mass classroom with solar gain above 50 W/m2 

4. Quiet, medium thermal mass classroom with solar gain below 50 W/m2 
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Classrooms' break: down based on their location, thermal mass level and maxi mum risk 
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a4) Internal gain evaluation for each classroom 

The impact of internal gain in the classrooms of this study are assumed to be constant, as the 

number of students, teachers, the types and number of equipments in the primary schools' 

classrooms and also their area are almost equal. The classrooms' areas are not significantly 

different from the required standard classrooms area confirmed by the T test result that is carried 

out between 'classrooms' area' and '55 m2
•• 
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b) Categorising the duration of the study based on the climate factors: 

As explained earlier in thi s chapter, climate factors such as daily temperature and irractiance have 

significant impacts on indoor temperature. 

bI) Categorising the duration of the study based on 'Actual daily solar irradiance': 

Table 3-2.11 shows the 'actual daily solar irradiances' (obtained from Met Office) on horizontal 

surfaces for the weekdays of the duration of the study, in the years of 2005, 2007 and 2008. In thi s 

study, the actual daily solar irradiance in June and July varied from 838 W/m2 to 8251 W/m2 . The 

distributions of these data are tested and it is found out that they are normally di stributed 

(Appendix 10.6). The mean and median of these data are 4960 whlm2• For thi s reason, days are 

divided in two groups according to their corresponding daily irradiance level on horizontal surfaces 

in order to study the impact of actual daily solar irradiance on indoor temperature. 

Group 1: includes the days with a solar irradiance of above 4960 whlm2 which are identified as 

'High Irradiance' and coded as 'H'. 

Group 2: includes the days with a solar irradiance of below 4960 whlm2 which are identified as 

'Low Irradiance' and coded as 'L' . 

The following table (Table 3-2.12) shows the actual dai Iy solar irradiance on the horizontal 

surfaces for each day. 

Imldiance on lnadiane< on lnadia""" on 
2005 Ollie Horizontal surf • .,.,s Coding 2007 Dille HorUonbol • ..-faots Coding 200K o .. tc HorUonbol s..-fac.s Coding 

WIm' Wlm' \\1m' 
Wed 15iIX>'2OO5 3698 L MOD lurH1IX1I 3053 L Moo 091061200! 7475 H 

~u 161W2OO.5 2176 L Tue 1'1JCb!1IX1I 5194 H Tue 1006I200! 6567 II 
Fn 171fH2OOS 5203 H Wed 13ICbI1IX1I 6091 H Wed IllOCl/2fDi 4989 H 

Moo 2O/06I2OOS 4950 L Thu 14IC6'1IX1I 3437 L Thu 12J06I2OO! 4174 L 

~ue 21!O612OO5 7512 H Fo 15ICbI1IX1I 5127 H PO 1:lI06.I2OO! 6100 II 

Wed 22IO&'2OOS 7845 H Mon 18IfXJI1IX1I 3736 L Moo IMl6I2OO! 6721 II 

rou 2JI06I2OOS fIm H hue 19ICb!1IX1I 6244 H Tue 17/ll1512OO! 6459 H 

Fo 2Ml6'2OOS 5394 H Wed ZIYCb!1IX1I 666S H Wed I~ 3106 L 
Moo V!06I2OO5 7788 H Thu 2urH1IX1I 57ff) Ii Thu 19/1lI5I2OO! 7218 II 

rue 28!0612005 6462 H Fo 22JCbI1IX1I 4166 L Pri ?fYIl&2OlI 4306 L 
Wed 29!O612OO5 4921 L Mon 251Cb11IX1I 3783 L Moo 2:lI06.I2OO! 7604 H 

rou J()I()&"'..CXlS 2108 L The WCb!1IX1I 5108 H Tue 24I!J6.'2IDI 6589 H 

Fo OII07I2OOS 4119 L Wed VICbI1IX1I 4194 L Wed 2SI!W2OO! 6430 II 

Moo 0WI12OO5 4901 L Thu 281fXJ11IX1I 49 17 L Thu :16'06I2roI 6758 H 

~ 
O5lO7nros 3302 L PO 29/fXN1IX1I Sff)3 H PO V/06I2OO! 3954 L 
rwrnl2OO5 4031 L Mon 02/07/1IX11 3997 L Moo lG'O&2OO! 7364 H 

~u rnlO7/200S 3198 L ue 03lf1111IX11 480S L Tue 0l107f2(XE 8251 H 

Pri !1Yf11I2OOS 2949 L Wed OWInorn 4879 L Wed (J}J(I712OO! 3094 L 
Moo 111rn12OO5 6680 H Thu 05/07norn 3794 L Thu 00IfJ712OO! 47 19 L 

[rue l2JC11noos 7530 H Pri rwrnnorn 4181 L Pri 0WI12OO! 7024 H 

Wed 13/0712005 6390 H Moo O9Irnnorn 5729 H Moo rnlO7l2OO! 3527 L 

rou 14J07n<DS 7093 H ue l(:Jrnl1IX1l 4109 L Tue !1Yf1112OO! 5692 H 
Fri ISlO7l2ooS 57 12 H Wed IVrnnorn 3874 L Wed 09/0712OO! 1604 L 

Moo 18/0712005 5883 II Thu l'1JOOI'1l:m 3220 L Thu Ir:J07l2OO! 5134 H 

~ 
19/07I2OOS S066 H Pri l )/rnl1IX1l 3899 L Pri 1110712OO! 4899 L 
1fJI(J712OOS 7157 H Moo l(If11norn 4728 L Moo 1W712OO! 5968 H 

rou 211rnl2OOS 55 12 II ue I7/rnl1IX1l 5678 H Tue 15IU7/2OO1 51 45 H 

Pri 22/0712OOS 3174 L Wed 18If11norn 6088 H Wed 1(If1112OO! 4705 L 
Moo '}jIf1112OO5 2060 L Thu 19Irnnorn 4313 L Thu 17107/2001 2102 L 
Tue 2NfJ71200s 368 1 L Pri ?fYrn11IX1l 3537 L PO 1&'07/2001 2141 L 
Wed VI07I2OO5 838 L Moo 231rn11IX1l 1564 L Moo 211rn12OOl 6629 H 

Table 3-2.12: Actual daily solar irradiance in years 2005, 2007 & 2008 
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The following flowchart (Graph 3-2.7) shows the classrooms breakdown based on building 

factors (i.e. ventilation potential, thermal mass and solar gain) followed by the study

duration breakdown based on one of the climate conditions (i.e. actual daily solar 

irradiance). 

This results in the following 8 groups: 

1. Noisy, medium thermal mass classroom with solar gain above 50 W/m2 for the days with high 

solar irradiance. 

2. Noisy, medium thermal mass classroom with solar gain above 50 W/m2 for the days with low 

solar irradiance. 

3. Noisy, medium thermal mass classroom with solar gain below 50 W/m2 for the days with high 

solar irradiance. 

4. Noisy, medium thermal mass classroom with solar gain below 50 W/m2 for the days with low 

solar irradiance. 

5. Quiet, medium thermal mass classroom with solar gain above 50 W/m2 for the days with high 

solar irradiance. 

6. Quiet, medium thermal mass classroom with solar gain above 50 W/m2 for the days with low 

solar irradiance. 

7. Quiet, medium thermal mass classroom with solar gain below 50 W/m2 for the days with high 

solar irradiance. 

8. Quiet, medium thermal mass classroom with solar gain below 50 W/m2 for the days with low 

solar irradiance. 
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Graph 3-2.7: 
Categorising classrooms based on their location, thermal mass level and maximum 

risk of receiving solar gain, and categorising the duration of study based on daily solar irradiance 
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b2) Categorising the duration of the study based on 'outdoor temperature': 

To study the impact of outside temperature on indoor temperature, duration of study should be 

categorised according to cooling degree hours. Two types of cooling degree hours are calculated at 

this stage: 

Cooling degree hours based on adaptive thermal comfort. Adaptive thermal comfort is 

calculated from this formula: (Tc=0.33Trm+18.8) as suggested by BS EN 15251. 

Cooling degree hours based on fixed thermal comfort. The fixed thermal comfort is 

considered to be 25°C due to the fact that occupants start to feel warm at this temperature. 
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Graph 3-2.8: Categorising classrooms based on their location, thermal mass level and maximum 
risk of receiving solar gain and categorising duration of study based on daily solar irradiance and cooling degree hours (adaptive and fixed) 
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Categorising the duration of the study based on 'adaptive cooling degree hours': 

The adaptive cooling degree hour is a cooling degree hour which is calculated based on adaptive 

thermal comfort. The adaptive thermal comfort is calculated from this formula (Tc=0.33Trm+18.8) 

as suggested by BS EN 15251. As can be seen from Table 3-2.13, the range of adaptive cooling 

degree hours varies from 0 to 21.96. They are not normally distributed (Appendix 10.7). Days, 

according to their corresponding cooling degree hours, are categorised to the following three 

groups in order to study the outside temperature on indoor temperature. 

• Group1: includes the days with the cooling degree hours of '0 to 7' whjch are identified as 'low 

outtemp' and coded as 'L'. 

• Group2: includes the days with the cooling degree hours of '7 to 14' which are identified as 

'medium outtemp' and coded as 'M'. 

• Group3: includes the days with the cooljng degree hours of above '14' which are identified as 

'hjgh outtemp' and coded as 'H'. 

Cooling degree Cooling degree Cooling degree 

2005 Date hours base on (8S) Coding 2007 Date hours base on (8S) Codlns 2008 Date hours base on (8S) Codlns 
Thermal comfort Thermal comfort Thermal comfort 

Wed 151Q612OO5 0.00 l Mon 1110612007 0.00 l Mon 09/Q6I2OO8 4.14 l 

Thu 161Q612OO5 0.00 l Tue 1210612007 0.00 l Tue 101Q612OO8 0.00 l 

Fri 17/Q612OO5 4.7S l Wed 1310612007 0.00 l Wed 111Q612OO8 0.00 l 
Mon 2OIQ6I2OO5 S.03 L Thu 14106/2007 0.00 L Thu 121Q612OO8 0.00 l 

Tue 211Q612OO5 0.00 l Fri 15/0612007 0.00 l Fri 131Q612OO8 0.00 l 
Wed 22/Q6I2OO5 5.86 L Mon 18/0612007 0.00 L Mon 161Q612OO8 0.00 L 

Thu 231Q612OO5 17.38 H ue 1910612007 1.48 l ~ue 17/Q612OO8 0.00 l 

Frl 241Q612OO5 0.00 l Wed 2010612007 0.00 l Wed 181Q612OO8 0.00 l 

Man 27/Q612OO5 0.69 l Thu 2110612007 0.00 l Thu 191Q612OO8 0.00 l 
Tue 281Q612OO5 1.10 l Frl 2210612007 0.00 L Fri 2OIQ6I2OO8 0.00 l 
Wed 291Q612OO5 0.38 l Mon 2510612007 0.00 l Mon 231Q612OO8 0.00 l 

Thu 3OIQ6I2OO5 0.00 l Tue 2610612007 0.00 l Tue 24/Q612OO8 0.00 l 

Fri 01 /07/2005 0.00 l Wed 2710612007 0.00 l Wed 251Q612OO8 0.00 l 
Mon 04/07/2005 0.00 l Thu 28/0612007 0.00 l ~hu 261Q612OO8 0.00 l 
Tue 05107/2005 0.00 L Fri 2910612007 0.00 l Fri 27/Q612OO8 0.00 L 

Wed Q6107/2OO5 0.00 l Man 0210712007 0.00 l Mon 3OIQ6I2OO8 0.00 l 

Thu 07/07/2005 0.00 L Tue 0310712007 0.00 L Tue 01 /07/2008 8.12 M 

Fri 08107/2005 0.00 l Wed 0410712007 0.00 l Wed 02107/2008 0.00 l 
Man 11107/2005 8.51 M Thu 05/0712007 0.00 l Thu 03107/2008 0.00 l 
Tue 12107/2005 2.54 l Fri 0610712007 0.00 l Fri 04/07/2008 0.00 l 

Wed 13107/2005 14.01 H Mon 0910712007 0.00 l Mon 07/07/2008 0.00 l 

Thu 14107/2005 21.96 H Tue 1010712007 0.00 l Tue 08107/2008 0.00 l 
Frl 15107/2005 4.29 l Wed 1110712007 0.00 l Wed 09/0712008 0.00 l 

Mon 18107/2005 0.28 L Thu 1210712007 0.00 l Thu 10107/2008 0.00 l 

Tue 19107/2005 0.00 l Fri 1310712007 0.00 l Fri 11107/2008 0.00 l 

Wed 2010712005 0.00 l Mon 1610712007 0.00 l Mon 14107/2008 0.00 l 

Thu 21 /07/2005 0.00 l Tue 1710712007 0.00 l Tue 1510712008 0.78 l 
Frl 22/0712005 0.00 L Wed 18/0712007 0.00 L Wed 16107/2008 0.00 L 

Man 25107/2005 0.00 l ~u 1910712007 0.00 l Thu 17/0712008 0.00 l 
Tue 26107/2005 0.00 L Fri 20/0712007 0.00 l Frl 18107/2008 0.00 l 

Wed 27107/2005 0.00 l Mon 23/0712007 0.00 l Mon 21 /07/2008 0.00 l 

Table 3-2.13: Cooljng degree hours based on adaptive thernlal comfort in years 2005,2007 & 2008 
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In this part of study, 7 is cho en as a benchmark to divide the cooling degree hours in two 3 groups. 

It should be noted that later in this chapter (Detailed procedure in Method A), an analysis is carried 

out based on each individual cooling degree hours (as opposed to considering 7 as benchmark) in 

order to have more accurate results. Graph 3-2.9 shows ascending distribution of cooling degree 

hours for different days. The cooling degree hours in Group I have a higher frequency than the 

ones in Groups 2 and 3. In addition, the differences between the cooling degree hours of Group I 

are lower than the differences between the cooling degree hours in Groups 2 and 3. 

Adaptive cooling deBTee hours 
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Graph 3-2.9. Distribution of Adaptive cooling degree hours 

The following flowchart (Graph 3-2.10) show the classrooms breakdown ba ed on building 

factors (i.e. ventilation potential, thermal mass and solar gain) followed by the study-duration 

breakdown based on the climate conditions (i.e. solar irradiance and adaptive cooling degree 

hours). Till re ult in the following 24 group: 

J. Noi y, medium thermal mas classroom with a solar gain of above 50 W/m2 for the days 

with high olar irradiance and low adaptive cooling degree hours. 

2. Noisy, medium thermal rna s classroom with a solar gain of above 50 W/m2 for the days 

with high solar irradiance and medium adaptive cooling degree hours. 

3. Noisy, medium thermal mass classroom with a solar gain of above 50 W/m2 for the day 

with high solar irradiance and high adaptive cooling degree hours. 

4. Noisy, medium thermal mass classroom with a solar gain of above 50 W/m2 for the days 

with low solar irradiance and low adaptive cooling degree hours. 

5. oisy, medium thermal mass classroom with a solar gain of above 50 W/m2 for the days 

with low solar irradiance and medium adaptive cooling degree hours. 

6. Noisy, medium thermal mass classroom with a olar gain of above 50 W/m2 for the day 

with low solar irradiance and high adaptive cooling degree hours. 
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7. Noisy, medium thermal mass classroom with a solar gain of below 50 W/m2 for the days 

with high solar irradiance and low adaptive cooling degree hours. 

8. Noisy, medium thermal mass classroom with a solar gain of below 50 W/m2 for the days 

with high solar irradiance and medium adaptive cooling degree hours. 

9. Noisy. medium thermal mass classroom with a solar gain of below 50 W/m2 for the days 

with high solar irradiance and high adaptive cooling degree hours. 

10. Noisy. medium thermal mass classroom with a solar gain of below 50 W/m2 for the days 

with low solar irradiance and low adaptive cooling degree hours. 

11. Noisy, medium thermal mass classroom with a solar gain of below 50 W/m2 for the days 

with low solar irradiance and medium adaptive cooling degree hours. 

12. Noisy. medium thermal mass classroom with a solar gain of below 50 W/m2 for the days 

with low solar irradiance and high adaptive cooling degree hours. 

13. Quiet, medium thermal mass classroom with a solar gain of above 50 W/m2 for the days 

with high solar irradiance and low adaptive cooling degree hours. 

14. Quiet, medium thermal mass classroom with a solar gain of above 50 W/m2 for the days 

with high solar irradiance and medium adaptive cooling degree hours. 

15. Quiet. medium thermal mass classroom with a solar gain of above 50 W/m2 for the days 

with high solar irradiance and high adaptive cooling degree hours. 

16. Quiet, medium thermal mass classroom with a solar gain of above 50 W/m2 for the days 

with low solar irradiance and low adaptive cooling degree hours. 

17. Quiet, medium thermal mass classroom with a solar gain of above 50 W/m2 for the days 

with low solar irradiance and medium adaptive cooling degree hours. 

18. Quiet. medium thermal mass classroom with a solar gain of above 50 W/m2 for the days 

with low solar irradiance and high adaptive cooling degree hours. 

19. Quiet, medium thermal mass classroom with a solar gain of below 50 W/m2 for the days 

with high solar irradiance and low adaptive cooling degree hours. 

20. Quiet. medium thermal mass classroom with a solar gain of below 50 W/m2 for the days 

with high solar irradiance and medium adaptive cooling degree hours. 

21. Quiet, medium thermal mass classroom with a solar gain of below 50 W/m2 for the days 

with high solar irradiance and high adaptive cooling degree hours. 

22. Quiet. medium thermal mass classroom with a solar gain of below 50 W/m2 for the days 

with low solar irradiance and low adaptive cooling degree hours. 

23. Quiet, medium thermal mass classroom with a solar gain of below 50 W/m2 for the days 

with low solar irradiance and medium adaptive cooling degree hours. 
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24. Quiet. medium thermal mass classroom with a solar gain of below 50 W/m2 for the days 

with low solar irradiance and high adaptive cooling degree hours. 
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Graph 3-2.10: Categorising classrooms based on their location, thermal mass level and maximum 
risk of receiving solar gain and categorising their duration of study based on daily solar irradiance and cooling degree hours (adaptive and fixed) 
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Categorising the duration of the study based on fixed cooling degree hours: 

The fixed cooling degree hour is a cooling degree hour which is calculated based on 2SOC. As can 

be seen from Table 3-2.14, the range of fixed cooling degree hours varies from 0 to 24. They are 

not normally distributed (Appendix 10.8). 

Days are categorised to the followi ng three groups according to their corresponding cooling degree 

hours: 

• Groupl: includes the days with the cooling degree hours of '0 to 7' which are identified as 'low 

outtemp' and coded as 'L'. 

• Group2: includes the days with the cooling degree hours '7 to 14' which are identified as 

'medium outtemp' and coded as 'M'. 

• Group3: includes the days with the cooling degree hours above '14' which are identified as 

'high outtemp' and coded as 'H'. 

2005 Date 
Cooling degree 

Coding 2007 Date 
Cooling degree 

Coding 2008 Date 
Cooling degree 

Coding 
hours base on 25'C hours base on 2S'C hours base on 2S-C 

Wed 1510612005 0 l Mon lM)612oo7 0 l Mon 09/0612008 1 l 

Thu 1610612005 0 L Tue 12,\)6/2007 0 L Tue 1010612008 0 L 

Fri 17/0612005 1.5 l Wed 13,\)6/2007 0 l Wed 11/0612008 0 L 

Mon 2010612005 6 l hu 14'\)6/2007 0 l Thu 1210612008 0 l 

ue 2110612005 0 l Fri 15,\)6/2007 0 l Fri 1310612008 0 L 

Wed 2210612005 8 M Mon 18,\)612007 0 l Mon 1610612008 0 l 
Thu 2310612005 21 H ue 19,\)6/2007 0 L Tue 17/0612008 0 l 

Fri 2<110612005 0 l Wed 20,\)612007 0 l Wed 1810612008 0 l 
Man 27/0612005 1 l hu 21,\)6/2007 0 L rnu 19/0612008 0 l 

Tue 2810612005 1.5 l Frl 22,\)612007 0 l Frl 20/0612008 0 l 

Wed 2910612005 0.5 l Mon 25,\)612007 0 l Mon 23/0612008 0 l 

Thu 3010612005 0 l ue 26,\)612007 0 l Tue 24/0612008 0 l 
Frl 01 /0712005 0 l Wed 27,\)612007 0 l Wed 2510612008 0 l 

Man 0<1107/2005 0 l hu 28,\)6/2007 0 l Thu 2610612008 0 l 

Tue 05107/2005 0 l Fri 29,\)612007 0 l Frl 27/0612008 0 l 
Wed 06107/2005 0 l Mon 02,\)712007 0 l Man 3010612008 0 l 

Thu 07/07/2005 0 l ue 03,\)712007 0 l Tue 01107/2008 6 l 
Frl 08107/2005 0 l Wed 04,\)712007 0 l Wed 02107/2008 0 l 
Mon 11107/2005 6.5 l hu 05,\)712007 0 l Thu 03/07/2008 0 l 

r-ue 12107/2005 2.5 l Frl 06,\)712007 0 l Fri 0<1107/2008 0 l 

Wed 13107/2005 14.5 H Mon 09,\)712007 0 l Mon 07/07/2008 0 l 

rnu 1<110712005 24 H ue 10,\)712007 0 l ~ue 08107/2008 0 l 

Frl 15107/2005 6.S l Wed 11,\)712007 0 L Wed 09/07/2008 0 l 

Mon 18107/2005 1 l hu 12,\)712007 0 l Thu 10107/2008 0 l 

r-ue 19107/2005 0 l Fri 13,\)712007 0 l Fri 11 /07/2008 0 l 

Wed 2010712005 0 l Mon 16,\)712007 0 l Mon 14/07/2008 0 l 

rnu 2110712005 0 l ue 17,\)712007 0 l Tue 15107/2008 0 l 

Frl 2210712005 0 L Wed 18,\)712007 0 L Wed 16107/2008 0 L 
Mon 25107/2005 0 l hu 19,\)712007 0 L Thu 17/07/2008 0 L 

r-ue 2610712005 0 L Frl 20,\)712007 0 L Frl 18107/2008 0 l 

Wed 27/07/2005 0 L Mon 23,\)712007 0 l Mon 21/07/2008 0 l 

Table 3-2.14: Cooling degree hours based on fixed thennal comfort in years 2005, 2007 & 2008 
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In thi s part of study, 7 is chosen as a benchmark to divide the cooling degree hours in two 3 groups. 

In should be noted that later on in this chapter (Detailed procedure in Method B), an analysis is 

carried out based on each individual cooling degree hours (as opposed to considering 7 as 

benchmark) in order to have more accurate results. Graph 3-2.11 shows ascending distribution of 

cooling degree hours for different days. The cooling degree hours in Group 1 have a higher 

frequency than the ones in Groups 2 and 3. In addition, the differences between the cooling degree 

hours of group 1 are lower than the differences between the cooling degree hours in Groups 2 and 

3. 

Fixed cooling degree hours 
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Graph 3-2. 11 . Distribution of Fixed cooling degree hours 
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Graph 3-2.12 shows the classrooms' breakdown based on building factors (Le. ventilation 

potential, thermal mass and solar gain) followed by the study-duration breakdown based on the 

climate conditions (Le. solar irradiance and fixed cooling degree hours). This results in the 

following 24 groups: 

1. Noisy, medium thermal mass classroom with a solar gain of above 50 W/m2 for the days 

with high solar irradiance and low fixed cooling degree hours. 

2. Noisy, medium thermal mass classroom with a solar gain of above 50 W/m2 for the days 

with high solar irradiance and medium fixed cooling degree hours. 

3. Noisy, medium thermal mass classroom with a solar gain above of 50 W/m2 for the days 

with high solar irradiance and high fixed cooling degree hours. 

4. Noisy, medium thermal mass classroom with a solar gain above of 50 W/m2 for the days 

with low solar irradiance and low fixed cooling degree hours. 

5. Noisy, medium thermal mass classroom with a solar gain above of 50 W/m2 for the days 

with low solar irradiance and medium fixed cooling degree hours. 

6. Noisy, medium thermal mass classroom with a solar gain above of 50 W/m2 for the days 

with low solar irradiance and high fixed cooling degree hours. 

7. Noisy, medium thermal mass classroom with a solar gain below of 50 W/m2 for the days 

with high solar irradiance and low fixed cooling degree hours. 

8. Noisy, medium thermal mass classroom with a solar gain below of 50 W/m2 for the days 

with high solar irradiance and medium fixed cooling degree hours. 

9. Noisy, medium thermal mass classroom with a solar gain below 50 W/m2 for the days with 

high solar irradiance and high fixed cooling degree hours. 

10. Noisy, medium thermal mass classroom with a solar gain below of 50 W/m2 for the days 

with low solar irradiance and low fixed cooling degree hours. 

11. Noisy, Medium thermal mass classroom with a solar gain below of 50 W/m2 for the days 

with low solar irradiance and medium fixed cooling degree hours. 

12. Noisy, medium thermal mass classroom with a solar gain below of 50 W/m2 for the days 

with low solar irradiance and high fixed cooling degree hours. 

13. Quiet, medium thermal mass classroom with a solar gain above of 50 W/m2 for the days 

with high solar irradiance and low fixed cooling degree hours. 

14. Quiet, medium thermal mass classroom with a solar gain above of 50 W/m2 for the days 

with high solar irradiance and medium fixed cooling degree hours. 

15. Quiet, medium thermal mass classroom with a solar gain above of 50 W/m2 for the days 

with high solar irradiance and high fixed cooling degree hours. 
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16. Quiet, medium thermal mass classroom with a solar gain above of 50 W/m2 for the days 

with low solar irradiance and low fixed cooling degree hours. 

17. Quiet, medium thermal mass classroom with a solar gain above of 50 W/m2 for the days 

with low solar irradiance and medium fixed cooling degree hours. 

18. Quiet, medium thermal mass classroom with a solar gain above of 50 W/m2 for the days 

with low solar irradiance and high fixed cooling degree hours. 

19. Quiet, medium thermal mass classroom with a solar gain below of 50 W/m2 for the days 

with high solar irradiance and low fixed cooling degree hours. 

20. Quiet, Medium thermal mass classroom with a solar gain below of 50 W/m2 for the days 

with high solar irradiance and medium fixed cooling degree hours. 

21. Quiet, Medium thermal mass classroom with a solar gain below of 50 W/m2 for the days 

with high solar irradiance and high fixed cooling degree hours. 

22. Quiet, medium thermal mass classroom with a solar gain below of 50 W/m2 for the days 

with low solar irradiance and low fixed cooling degree hours. 

23. Quiet, medium thermal mass classroom with a solar gain below of 50 W/m2 for the days 

with low solar irradiance and medium fixed cooling degree hours. 

24. Quiet, medium thermal mass classroom with a solar gain below of 50 W/m2 for the days 

with low solar irradiance and high fixed cooling degree hours. 
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3.2.1.3: Compare classroom-days' indoor temperatures which have similar building and 

climate factors but located in different regions (i.e. noisy and quiet) 

In this stage, there are series of classroom-days' indoor temperatures that are placed in groups 

which have similar building and climate factors but different background noise levels. This 

comparison gives the author a chance to assess the impact of background noise level on indoor 

temperature. This assessment is carried out based on general and detailed studies. 

Procedure of assessing the impact of aircraft noise on indoor temperature 

Two procedures are applied to this study in order to evaluate the extent to which the aircraft noise 

has an impact on indoor temperature. Both of these procedures have the same principles but study 

the data in different ranges. These two procedures are as follows: 

General procedure: In this procedure, the impact of aircraft noise on indoor temperature is 

assessed as a whole by grouping the data in such a way that three groups of 8 scenarios to be 

assessed (twenty four in total). 

In this procedure, climate conditions are summarised as follows: 

Low-Climate condition: refers to the climate of the days in which the solar irradiance 

and outside temperature are low. 

Moderate-Low Climate condition: refers to the climate of the days in which the solar 

irradiance is high and outside temperature is low. 

Moderate-High Climate condition: refers to the climate of the days in which the 

solar irradiance is high and outside temperature is medium. 

Extreme Climate condition: refers to the climate of the days in which solar irradiance 

and outside temperature are high. 

In this procedure, there are three criteria applied to classroom-days' indoor temperatures: 

Criterion 1: Classroom-days' indoor temperatures are compared with the percentage of 

dissatisfaction from overheating 

Criterion 2: Classroom-day' indoor temperatures are compared with the maximum 

allowable differences from adaptive thermal comfort 

Criterion 3: Classroom-days' indoor temperatures are compared with the percentage of 

occasions that the indoor temperatures exceed 25°C and 28°C. 
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The eight scenarios studied in each of the criteria as follows: 

• Scenarios 1: Noisy and quiet classroom-days' indoor temperatures of medium thermal 

mass schools with risk of solar gain below 50 W/m2 in Low climate condition. 

• Scenarios 2: Noisy and quiet classroom-days' indoor temperatures of medium thermal 

mass schools with risk of solar gain above 50 W/m2 in Low climate condition. 

• Scenarios 3: Noisy and quiet classroom-days' indoor temperatures of medium thermal 

mass schools with risk of solar gain below 50 W/m2 in Moderate - Low climate condition. 

• Scenarios 4: Noisy and quiet classroom-days' indoor temperatures of medium thermal 

mass schools with risk of solar gain above 50 W/m2 in Moderate - Low climate condition. 

• Scenarios 5: Noisy and quiet classroom-days' indoor temperatures of medium thermal 

mass classrooms with risk of solar gain below 50 W/m2 in Moderate - High climate 

condition. 

• Scenarios 6: Noisy and quiet classroom-days' indoor temperatures of medium thermal 

mass classrooms with risk of solar gain above 50 W/m2 in Moderate - High climate 

condition. 

• Scenarios 7: Noisy and quiet classroom-days' indoor temperatures of medium thermal 

mass classrooms with risk of solar gain below 50 W/m2 in Extreme Climate condition 

climate condition. 

• Scenarios 8: Noisy and quiet classroom-days' indoor temperatures of medium thermal 

mass classrooms with risk of solar gain above 50 W/m2 in Moderate - High climate 

condition. 

Noisy and quiet classroom-days' indoor temperatures are compared with each other based on the 

above 8 scenarios which are assessed based on adaptive and fixed models. 

Detailed procedure: In this procedure, the impact of aircraft noise on indoor temperature is 

assessed in detail by grouping data in such as way that around 40 scenarios to be assessed for 

classroom-days' indoor temperatures based on adaptive model, and around 42 based on fixed 

model. 

In this procedure, climate conditions are summarised as follows: 

Climate conditions with high solar irradiance and fixed cooling degree hours of 0, I, 2, 

3,6,7,8, 15,21 and 24. 

Climate conditions with low solar irradiance and fixed cooling degree hours of 0, 1,2, 

3,6,7,8, 15,21 and 24. 
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Climate conditions with high solar irradiance and adaptive cooling degree hours of 0, 

1,3,4,5,6,8,9, 14, 17 and 22. 

Climate conditions with low solar irradiance and adaptive cooling degree hours of 0, 

1,3,4,5,6,8,9,14, 17 and 22. 

In this procedure these criteria are studied: 

Criterion 1: Classroom-days' indoor temperatures are compared with percentage of 

dissatisfaction from overheating 

Criterion 2: Classroom-days' indoor temperatures are compared with the maximum 

allowable differences from adaptive thennal comfort 

Criterion 3: Classroom-days' indoor temperatures are compared with the percentage of 

occasions that indoor temperatures exceed 25°C and 28°C. 

Noisy and quiet classroom-days' indoor temperatures are compared with each other based on 

42 scenarios considering the climate conditions based on adaptive cooling degree hours for 

classroom-days which assessed based on adaptive model (Criterion 1 and Criterion 2). 

Noisy and quiet c1a<;sroom-days' indoor temperatures are compared with each other based on 

40 scenarios considering the climate conditions based on fixed cooling degree hours for 

classroom-days which are assessed based on fixed model (Criterion 3). 
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a) General procedure 

al) Evaluating the impact of aircraft noise on indoor temperature 

The impact of aircraft noise on indoor temperature is evaluated based on adaptive and fixed 

models. Graphs 3-2.13, 14 & 15 show that how noisy and quiet c1assroom-day's indoor 

temperatures are compared with each other. 

As Can be seen from Graph 3-2.13, the classroom-days' indoor temperatures, which are compared 

with adaptive model are placed in two groups (noisy and quiet) which have similar building and 

climate conditions. The criterion which is used in this comparison is the percentage of 

dissatisfaction from overheating which is designed based on adaptive model (Criterion I). 

As can be seen from Graph 3-2.14, the classroom-days' indoor temperatures, which are compared 

with adaptive model are placed in two groups (noisy and quiet) which have similar building and 

climate conditions. The criterion which is used in this comparison is the maximum allowable 

differences from adaptive thermal comfort (Criterion 2). 

As can be seen from Graph 3-2.15, the classroom-days' indoor temperatures, which are compared 

with adaptive model are placed in two groups (noisy and quiet) which have similar building and 

climate conditions. In this comparison, the percentage of occasions that indoor temperatures exceed 

25°C and 28°C in noisy and quiet classroom-days are compared with each other (Criterion 3). 
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Criterion 1 - Study the impact aircraft noise on the percentage of occupants' 

dissatisfaction from overheating, according to Adaptive model: 

Table 3-2.15 shows the comparison of the average of Mean & Maximum Percentages of 

dissatisfaction from overheating (according to the adaptive model) for the 'Noisy Classroom-Days' 

with 'Quiet Classroom-Days' under different climate conditions. As can be seen, all the scenarios 

confirm that the Average Mean Percentage of dissatisfaction in 'Noisy Classrooms-Days' is higher 

than 'Quiet Classroom-Days', and 6 out of 8 scenarios confirm that the Average Maximum 

percentage of dissatisfaction in 'Noisy Classrooms-Days' is higher than 'Quiet Classroom-Days' . 

As all of the buildings and climate factors for these two groups of classrooms-days are similar, it 

can be suggested that that the 'Noisy Classrooms' have a lower potential to have natural ventilation 

than 'Quiet Classrooms', and consequently they experience a higher level of dissatisfaction from 

overheating. 

BaIJdiJIr. rat Ion A." (pDH_" ... ) A,. (PDR~flXlmu .. ) 

Sl:r.uios CU ... t. cODd.tlo .. R .... of rtte"''', Tbt..,.at mass 
.olugO'D QaI« :'\0"" CO"'ParlsoD Qakt :-lolly CompllJ1soD -.. Low !Jtadiancb.Low 0ut.1t:mp Below 50 wlm' Medium ~ 5 Q<}; 5 8 Q4 

Snorio.2 (Low cu...a .~ coDdltlOD) Above 50 who' Medium 3 5 Q<N 4 7 Q<X 

Snario.3 Hi8h I1TIcIioDce-Low Oultemp Below 50 wlm' Medium 5 6 Q<X 7 9 Q4 

SnorioA 
plodeule-Low cllmole co_lIfoa) 

~50who' McdillID S 6 Q<.'I; 8 8 ~,:~ 

Snorio.S Hi8h ImIdimce-Mcduim OUltemp Below 50 wlm' Medmm 9 11 Q<N 18 18 ~;~~;, 
(Moua''''HIgJI _ .. te oo .. llloa) 

_.6 Above SO who' Medium 9 10 Q<X 13 15 Q<l' 

Snono.7 Hi8h fiTodiance -High Oultemp Below 50 who' Medium 10 2. Q<X 13 29 Q<K 
CEsu-e.e _ale ... _.) 

SIIIrio.8 Above 50 who' Medium 17 21 Q~ 27 37 Q'X 

Averase ofPDH.MeonIPDH.Mnimurn in 'Noisy.CIol;smom-Iloy5· is greaI<r!bon 'Qaid..C1oosrOOlHloys' 

Averase ofPDH.MeonIPDH.Mnimurn in 'Noisy.CIol;sroom-Iloy5' is lml'er than 'Qoiet~' 

A' .... ofPDH.MeanIPDH.Maximum in 'Noisy.CIol;smom-Iloy5' is ...... '" 'Quid-ClIIssmonHloys' t,;"f~·~·~: < 
A_ ofPDH.MeouIPDH.Maxirnu in 'Noisy.C1assroom-Iloy5' IIld 'Qai<t.CIas~DIys' ""' ...... '" """ 

Table 3-2.15: Comparison of the average of Mean & Maximum percentages of dissatisfaction from overheating for 

'Noisy Classroom-Days' with 'Quiet Classroom-Days' based on adaptive model under different climate conditions 

From the Graphs 3-2.16 and 3-2.17, it can be concluded that the percentage of dissatisfaction from 

overheating in 'Noisy Classrooms' & 'Quiet Classrooms' increases as the climate condition (i .e. 

'actual dai ly solar irradiances' & outside temperature) changes from low & moderate to extreme 

condition. 

In extreme climate conditions, the average mean and maximum percentage of dissatisfaction from 

overheating reaches 22% & 37% respectively for 'Noisy Classroom-Days', which means that 

nearly one third of the clas rooms' occupants would be dissatisfied from overheating in extreme 

climate condi tions in noisy classroom, and thi s is considerable, 

166 



- ,-----------------------------. - ,----------------------------, 
n+-----------------------------4 -- ·r "B .. 

11 ~ +---------~~~~----------~ 
J!! 20 +-----------------------__ I-~ 

'Ii" .. 

11 . +-------------------------~~ 
~O ~ +----------L~~------~1I

i.!: 
:E ~ IS 

rtl ii 10 

"'i 
g~ . +---~~~nw--+_--~~--~~ 

HIS 
!i" 

< ~ 5 +-_ ---=-... ~~ g 

Scw.1 Sa!.l 5m3 SUA Sft.5 Sn!..I kt!.7 b.A Sa!..I 5a!.1 b.J SC:eA 5a!.§ ke.l 5(:1,.1 * .. 
DIffMwtt c ..... _....... IlIIIIfwwM dI ..... ~ 

_~ _ NoIsy --- Uw_I~t) --- LN_I...." _ o-t _ Nosy - - - lft_(O*t, -- In.(Nody) 

Graph 3-2.16: Average mean percentage of dissatisfaction Graph 3-2.17: Average max percentage of di ssatisfaction 

from overheating for noisy and quiet classroom-days under from overheating for noisy and quiet classroom-days under 

di fferent scenarios different scenarios 

By comparing the rate of indoor temperature increa e based on climate con<litions in noisy and 

quiet regions, it can be suggested that climate (outside temperature & actual daily solar irradiances) 

have a higher impact on ' noisy classrooms' (due to closed windows) compared to 'quiet

classrooms' . In the other words, the indoor temperature increases at a higher rate in noisy 

classrooms. The mean rate of increase in noi sy classroom-days is 2.4 while it is 1.7 in quiet ones. 

The maximum rate of increase in noisy classroom-days is 3.6 while it is 2.6 in quiet ones. This 

difference may be due to both, the amount of heat which transfers inside through the buildings' 

fabric (as a consequence of high outside temperature), and solar irradiance. In these clas rooms, 

heat may trap inside and cannot be removed due to a higher possibility of window closure, while in 

quiet classrooms, this heat may be removed by ventilation that <liscounts the rate of increa e. 

Generally, in a naturally ventilated building, the indoor temperature during summer increa e by 

the amount of heat that transfers from the outside to inside through the buildings fabric. This is as a 

result of a high outside temperature and 'actual daily solar irra<liances'. Similarly, the indoor 

temperature decreases by the amount of heat which is removed by ventilation. 

The results of thi s part of tudy are summari ed as follows : 

First: it can be concluded that the percentage of occupants' di satisfaction from overheating in 

'Noisy Classroom-Days' are higher than 'Quiet CIa room-Days'. 

Second: the percentage of occupants' dissatisfaction from overheating in noi y and quiet 

classrooms increa es as the climate condition (i.e. 'actual daily solar irradiances' & outside 

temperature) change from low to extreme condition. 

Third: The rate of increase for the average of mean and max percentages of dissati sfaction from 

overheating for 'Noi y Clas room-Days' are higher than 'Quiet Cia room-Days'. This 

corre ponds to the change of climate conditions [i .e. from 1 (low) to 4 (extreme)] due to closed 

windows. 
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Criterion 2 - Study the impact of aircraft noise on the allowable difference from 

adaptive thermal comfort temperature (recommended by BS): 

BS EN 15251 defines a maximum allowable difference between indoor temperature and adaptive 

thermal comfort temperature (calcu lated from Tc=O.33Trm + 18.8) for new and existing buildings. 

These limits are as follows: 

• +3K for new and renovated buildings (normal expectation). 

• +4K for existing buildings (moderate expectation). 

As mentioned in part 2 of this research, the percentage of occasions that indoor temperature goes 

above the adaptive thermal comfort by at least 3 & 4 K are calculated for each classroom on each 

day. As it is not clear as to which classroom has been renovated, each classroom is assessed against 

both the new and existing criteria. 

The following table (Table 3-2.16) shows the comparison of the percentages of occasions that the 

indoor temperatures exceed the adaptive thermal comfort by at least 3 & 4 K for the 'Noisy 

Classroom-Days' with 'Quiet Classroom-Days' under different climate conditions. 

8ulld1n2 raclors 
A .. (PGR.Cat2) A" (PGR.Cal3) 

Scenarios Climate condltlons R~k or re<elvlng 
Thermal mass 

solar gain Quiet Noisy Comparison Quiet Noloiy Comparison 

Snario.1 Low lmldiance-Low Outlemp 
Beow 5Owlrri' Medium 0 0 N=Q(Noupp) 0 0 N=Q fNoLllpp) 

Soario.2 (Low cUmate condition) Above 50 winY. Medium 0 0 N=QfN0l3W) 0 0 N=QIHolD.pp) 

Snario.3 High Irradiance-Low Oul.temp Beow 50w/rri' Medium 0 0 N=Q (Nocapp) 0 0 N=Q INnl opp) 

(Moderate-Low climate condition) 
Snano.4 Above 50 wlrri' Medium 0 0 N=QINnupp) 0 0 N=Q (Nolal'l') 

Snario.5 High Irradiance-Meduim Ouuemp Beow 50 w/rri' Medium 2 4 Q<N 0 I Q<N 
(Moerate-High cliamte condldon) 

Snario.6 Above 50w/rri' Medium 0 0 HzQ fNOI..arp) 0 0 N=QCNoUpfl) 

Snario.7 High Irradiance -High OUtlemp Bek>w 50 wlni' Medium 0 31 Q<N 0 I Q<N 

(Extreme c limate condition) 
Snario.8 Above 50 wlni' Medium 20 38 Q<N 6 14 Q<N 

Average of PGR.Cat2!PGR .Cat3 in ·Noisy.Classroom-Days· is greater than ·QuieI.Classroom-Oays· 

Average of PGR .Cat2!PGR .Cat3 in ·Noisy.Classroom-Days· is ower than ·QuieI.Classroom-Oays· 

Average of PGR.Cat2lPGR.Cat3 in ·Noisy.Classroom-Days' is equal to 'QuieI.Classroom-Oays· ~;:., .'~: 

Average ofPGR.Cat2!PGR .Cat3 in 'Noisy.Classroom-Days' and 'Quiet Classroom-Days' are equal 10 zero 

Table 3-2.16: Comparison of the percentage of occasions that indoor temperatures exceed adaptive thermal comfort by at 

least 3 & 4K in 'Noisy Classroom-Days' with 'Quiet Classroom-Days' 

The above table (Table 3-2.16) shows that the classroom-days' indoor temperatures do not exceed 

3K (Cat2) & 4K (Cat3) above adaptive thermal comfort in 5 out of 8 scenarios. Therefore, a 

comparison between them is not possible. This could be associated with the low & moderate 

climate conditions that did not cause classroom-days' indoor temperature to exceed 3 and 4K above 

the adaptive thermal comfort. 
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• In scenario no.5 the percentages of occasions where the classroom-days' indoor 

temperatures exceed the adaptive thermal comfort by 3 & 4K in noisy regions are higher 

than those in quiet regions by 2% & 1 %, respectively. This condition is for 'moderate-high 

climnte condition' for the classrooms with 'the maximum risk of receiving solar gain of 

below 50Wlm2 '. 

• In scenario no.7 the percentage of occasions where the classroom-days' indoor 

temperatures exceed the adaptive thermal comfort by 3K in noisy regions is higher than 

those in quiet regions by 31%. This condition is for 'extreme climnte condition' for 

classrooms with 'the mnximum risk of receiving solar gain of below 50Wlm2'. 

• In scenario no.8 the percentages of occasions that classroom-days' indoor temperature 

exceed the adaptive thermal comfort by 3 & 4K in noisy regions are higher than those in 

quiet regions by 52% & 43% respectively. This condition is for 'extreme climnte condition' 

for classrooms with 'the maximum risk of receiving solar gain of above 50Wlm2'. 

The results of this part of the study are summarised as follows: 

First: It can be concluded that the classroom-days' indoor temperatures hardly exceed 3 & 4K 

above adaptive thermal comfort under low & moderate climate conditions, while they significantly 

exceed this level under extreme climate condition. 

Second: The percentage of the occasions that indoor temperatures exceed the adaptive thermal 

comfort by 3&4K for the 'Noisy Classroom-Days' is higher than those for quiet ones under the 

extreme climate condition. 
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Criterion 3 - Study the impact of aircraft noise on the percentage of occupants' 

dissatisfaction from overheating according to Fixed model: 

At the fIrst stage of this analysis, it was mentioned that the adaptive model is a more appropriate 

tool to evaluate the occupants' dissatisfaction from overheating when compared to the fIxed model. 

According to the fIxed model, people feel dissatisfIed, as they feel warm if the indoor temperature 

goes above 25°C, and hot if goes above 28°C. 

The following table (Table 3-2.17) shows the comparison of the percentages of occasions that 

indoor temperatures exceed 25°C & 28°C in noisy and quiet classroom-days, and consequently 

occupants feel dissati sfied. 

Buildinl: ractors 
A .. (PGR.2S·Q A.~ (pGR.2S·C) 

Scenarios Climate conditio"" R l<lk or receiving 
Thermal mass 

solar gain Quiet Noisy Comparison Quiet Nol<ly Comparison 

Snario.1 Low Irradiance- l ow Out.temp Below 50 wlm' Medium 3 11 Q<N 0 0 N=Q (!'olULIIPP) 

Snruio.2 (Low climate condition) Above 50 wlm' Medium 2 4 Q<N 0 0 N..QC, .. ·.opP) 

Snruio.3 High Irradiance~ Low Out.temp Below 50 wlm' Medium IO 16 Q<N 0 0 N=Q C'oLopp I 
(Moderate-Low climate condition) 

Snruio.4 Above 50 wlrri' Medium 19 IO Q>N 1 I f",~J-' 

Snruio.5 High IrradJance-Meduim Out.temp Below 50 w/ml Medium 96 100 Q<N 0 42 Q<N 
(Moerate-Hllh cllamte condition) 

Snruio.6 Above 50 wlrri' Medium 86 89 Q<N 6 4 Q>N 

Snruio.7 High I rradiance -High Out,temp Below 50 wlm' Med1nn 63 100 Q<N 0 38 Q<N 
(Extreme climate condition) 

Snario.8 Above 50 wlm' Medilm 91 100 Q<N 2S 4S Q<N 

A...erage of PGR.2S·ClPGR.28°C in 'Noisy.Oasscoom-Days' is greater than '()llet.aassroom-Days' 

A~rage of PGR.25°C/PGR.28°C in 'Noisy.Oass room-Days' is lower than ' Quiel.a~sroom-Days' 

A-.erage of PGR.25°C/PGR.28°C in 'Noisy.Oassroom-Days' is equal to 'Quiet.Classroom-Days' ra,,, ;' ~~ '-,:\ 

A\Crage of PGR.25°C/PGR.28"C in 'Noisy.Oassroom-Days' and 'Quiel.Oassroom-Days' are equal lO z.ero 

Table 3-2.17: Comparison of the percentages of occasions that indoor temperatures exceed 25°C & 28°C in noisy and 

quiet classroom-days 

As can be seen, in 7 out of 8 scenarios, the percentages of the occasions when classroom-days' 

indoor temperatures exceed 25°C in noisy regions, is higher than those in quiet regions. In addition, 

in 3 out of 8 cenarios, the percentages of the occasions where cIas room-day's indoor 

temperatures exceed 28°C in noisy regions is higher than quiet regions with the exception of one 

scenario (scenari04). 

In 3 out of 8 cenarios, the classroom-days' indoor temperature do not exceed 28°C, which could 

be the result of low & moderate climate condition that did not cause cia sroom-days' indoor 

temperatures to exceed 28°C. Therefore it is not possible to compare these scenarios. 

The results of this part of study are summarised as follows: 

First: In general, nearly under all climate conditions the occupants of noisy classroom feel warmer 

compared to those in quiet ones. 

Second: In general under only extreme climate conditions, the occupants of noisy classrooms feel 

overheated more than tho e in quiet classrooms. 
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a2) Results of the objective survey based on general procedure: 

The summary of this studies are as follows: 

- Based on criterion one, the percentage of occupants' dissatisfaction from overheating is generally 

higher in 'Noisy Classroom-Days' in comparison to those in quiet regions under all climate 

conditions with an exception of 2 cases in which the Average Maximum percentage of occupants' 

dissatisfaction from overheating is equal in quiet and noise Classroom-Days. 

- Based on criterion two, the maximum allowable differences from adaptive thermal comfort are 

higher in 'Noisy Classroom-Days' in comparison to those in quiet regions under 'extreme climate 

condition' (i.e. high 'actual daily solar irradiance' and high outside temperature), with the 

exception of IO cases in which the percentage of occupied hours that exceed the maximum 

allowable difference from the adaptive thermal comfort is 0, in both 'Noisy Classroom-Days' and 

'Quiet Classroom-Days'. This is related to the climate condition. 

- Based on criterion three, the percentage of occasions that the indoor temperatures exceed 25°C and 

28°C are higher in Noisy Classroom-Days' than those in quiet regions under all climate conditions 

with the exception of 2 cases in which these occasions are higher in 'Quiet Classroom-Days' and 3 

cases in which these occasions are 0 in 'Noisy Classrooms-Days' and 'Quiet Classroom-Days'. 

This is due to the 'Low and Moderate-Low climate conditions'. 

The above summaries are illustrated in Graph 3-2.18 in the next page. 
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The following pie-charts (Graph 3-2.18) are the summary of the above study which shows the 

comparisons of the Ave.Mean.PDH, Ave.Max.PDH, Ave.PGRCat.II, Ave.PGRCatIII, 

A ve.PGR25°C and A ve.PGr.28°C in quiet classroom-days with noisy classroom-days. As can be 

seen, in each pie-charts, a considerable portions is taken by the situations where Ave.Mean.PDH, 

Ave.Max.PDH, Ave.PGRCat.II, Ave.PGRCatIII, Ave.PGR25°C and Ave.PGr.28°C is higher in 

'Noisy Classroom-Days' than those of 'Quiet Classroom-Days'. 

Comparisoa of 
'An . .lIeaJLPD:&", 1,,\n...'IaLPDH', 'A,.a.PCR.Ca~. 'ATLPClt.Cat:.IIr,. 'A.~s-C' .. 'A~t 
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QuIet Classroom-Day wid& ~olsy ClassroolllS-Days 

AY •. Mun.PDH AY • .PGR.CaUI 

AY •. Max..PDH Av •• PGR.c.t.1t1 """".PGr.28"C 

> 

& 

• 

Graph 3-2.18: Pie chart~ comparing Ave.Mean.PDH, Ave.Max.PDH. Ave.PGR.Cat.I1. Ave.PGR.CatIll, Ave.PGR.25°C 

and Ave.PGr.28°C in Quiet Classroom-Days with Noisy Clas room·Days 

As the buildings and climate factors in the classrooms of each specific scenario are the same, it can 

be suggested that aircraft noise level ha an impact on indoor temperature and it may also be 

possible to suggest that the occupants of noisy classrooms tend to clo e windows to attenuate the 

background noise level to an acceptable level. Due to the fact that there are some exceptions, it is 

not yet pos ible to generalise this findings to confirm aircraft noi e has an impact on indoor 

temperature. In order to generalise this finding, a study should be carried out in more detail and T 
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test should be run on Ave.Mean.PDH, Ave.Max.PDH, Ave.PGR.Catll, Ave.PGR.CatIn, 

Ave.PGR.25°C and Ave.PGR28°C of 'Noisy Classroom-Days' and 'Quiet Classroom-Days'. The 

results would confirm whether the indoor temperature on 'Noisy Classroom-Days' is significantly 

higher than the 'Quiet Classroom-Days'. For this reason, the study is carried out in more detail 

(Detailed Procedure). 
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b) Detailed Procedure 

In detailed procedure, two approaches are suggested in order to investigate the impact of aircraft 

noise on indoor temperature more accurately: 

The impact of aircraft noise on indoor temperature is evaluated based on the adaptive model (first 

approach) and fixed model (second approach). These methods are carried out based on two-series 

of data which are as follows: 

First series of data: 

• Mean percentage of dissatisfaction from overheating 

• Maximum percentage of dissatisfaction from overheating 

• Percentage of occasions that indoor temperatures exceed the adaptive thermal comfort by 3K 

(Catn) 

• Percentage of occasions that indoor temperatures exceed the adaptive thermal comfort by 4K 

(Catm) 

Second series of data: 

• Percentage of occasions that indoor temperatures exceed the fixed thermal threshold of 25°C 

(occupant start to feel warm). 

• Percentage of occasions that indoor temperatures exceed the fixed thermal threshold of 28°C 

(occupant start to feel warm). 

The two methods are as follows: 
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hI) Method I 

In this method, the classroom-days which are assessed based on adaptive overheating model are 

divided into 11 groups (instead of three), based on their corresponding adaptive cooling degree 

hours. Adaptive cooling degree hour, is a 'cooling degree hours' which is calculated based on 

'adaptive thermal comfort'. The range of adaptive cooling degree hours varies from 0 to 22. The 

range of adaptive cooling degree hours for the days of this study are 0,1,3,4,5,6,8,9,14,17 and 22. 

As these data are not normally distributed, it is suggested that the classroom-days are divided into 

the following groups for comparison in order to have more accurate results: 

• Group 1: Includes the classroom-days' corresponding to the adaptive cooling degree hours of '0'. 

• Group 2: Includes the classroom-days' corresponding to the adaptive cooling degree hours of '1'. 

• Group 3: Includes the classroom-days' corresponding to the adaptive cooling degree hours of '3'. 

• Group 4: Includes the classroom-days' corresponding to the adaptive cooling degree hours of '4'. 

• Group 5: Includes the classroom-days' corresponding to the adaptive cooling degree hours of '5'. 

• Group 6: Includes the classroom-days' corresponding to the adaptive cooling degree hours of '6'. 

• Group 7: Includes the classroom-days' corresponding to the adaptive cooling degree hours of '8'. 

• Group 8: Includes the classroom-days' corresponding to the adaptive cooling degree hours of '9'. 

• Group 9: Includes the classroom-days' corresponding to the adaptive cooling degree hours of 

'14'. 

• Group 10: Includes the classroom-days' corresponding to the adaptive cooling degree hours of 

'17' . 

• Group 11: Includes the classroom-days' corresponding to the adaptive cooling degree hours of 

'22'. 

As it was explained earlier, the classrooms days not only are categorised based on cooling degree 

hours but also based on actual daily solar irradiance, the maximum risk of receiving solar gain and 

their thermal mass level. 
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Graph 3-2.19 shows the comparison of the averages of 'maximum percentages of dissatisfaction 

from overheating' for 'Noisy Classrooms-Days' with 'Quiet Classrooms-Days' that have similar 

thermal mass, risk of receiving solar gain, solar irradiance and adaptive cooling degree hours. 

Graph 3-2.20 shows the comparison of the averages of 'percentage of occasions that indoor 

temperatures exceed adaptive thermal comfort by 3K (CatIl)' for 'Noisy Classrooms-Days' with 

'Quiet Classrooms-Days' that have similar thermal mass, risk of receiving solar gain, solar 

irradiance and adaptive cooling degree hours. 

Tables 3-2.18,3-2.20,3-2.22 and 3-2.24 show the following data based on adaptive cooling degree 

hours, actual daily irradiance, maximum risk of receiving solar gain and thermal mass level for 

Noisy and Quiet Classroom-Days. 

Average of 'mean percentage of dissatisfaction from overheating' 

• Average of 'maximum percentage of dissatisfaction from overheating' 

• Average of 'percentage of occasions that indoor temperatures exceed the adaptive thermal 

comfort by 3K (CatIl)' 

• Average of 'percentage of occasions that indoor temperatures exceed the adapti ve thermal 

comfort by 4K (Catill)' 
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Graph 3-2.19: Comparison of the averages of 'maximum percentage of dissatisfaction from overheating' for 

'Noisy Classroom-days' with 'Quiet Classroom-Days' which have similar thermal mass, risk of receiving solar gain, solar irradiance and adaptive cooling degree hours 
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- Criterion 1.1: Impact of aircraft noise on Mean percentage of dissatisfaction from 

overheating 

The averages of 'mean percentages of dissatisfaction from overheating' in noisy and quiet 

classroom-days are compared with each other based on cooling degree hours, actual daily solar 

irradiance, maximum risk of receiving solar gain and thermal mass level in Table 3-2.18. 

Climate Conditions Building factors 

Scenarios 

Snario.1 High 
Snario.2 High Mcdilm 4.86 
Snario.3 High Above 5Ow/~ Mcc:Wm 6.33 
Snario.4 High Above~w/rri' Medilm 10.75 
SnaOo.S 5 High Above 5Ow/~ Mediun 6.13 
Snario.6 6 High Above~w/rri' MediJm 11 .86 
Snario.? High Above ~w/rri' MediJrn 9.8 
Snario.8 9 High Above ~w/rri' Mediun 8.72 
Snario.9 14 High Above 50 wIny MediJrn 12.7 

Snario. 1O 17 High Above ~w/rri' MediJrn 19.75 

SnariJ. ll Above 50 w/ml Me<wrn 

Snario.12 Beklw~w/rri' MediJm 
Snario.13 Beklw~w/rri' Medi.Jrn 
Snario.14 Beklw~w/rri' MediJm 4.47 
Snario. IS 4 Beklw~w/rri' MediJm 12.52 
Snario.16 S Beklw~w/rri' Medilm 4.69 
Snar;'. 17 6 High Beklw~w/rri' Medilln 9.3 
Snarht8 S High Beklw~w/rri' MediJm 11 .67 
Snari:l.19 9 High Beklw~w/rri' Mccfum 4.04 
Snario.20 14 High Beklw~w/rri' Medi.tm 5.S3 

Snario.21 17 High Beklw~w/rri' Medilm 14.68 

Low Above ~w/rri' 
Snar;'.25 Low Above ~w/rri' Medilm 
Snario.26 Low Above ~w/rri' Mediun 
Snaro.27 5 Low Above ~w/rri' MediJm 12.2S 
Snario.28 6 Low Above ~w/rri' Medilm 
Snario.29 S Low Above SOwlrril Meditm 

Snario.30 9 Low Above ~w/rri' MediJm 
Snar;'.31 14 Low Above ~w/rri' MediJrn 

Snar;'.32 17 Low Above~w/rri' Medilm 

Low 

Snario.36 Low Beklw SOw/rri' Medilm 
Snario.37 4 Low Beklw~w/rri' MediJrn 
Snario.38 5 Low Below~w/rri' MediJm 7.72 
Snario.39 6 Low Beklw~w/rri' MediJrn 

Snario.40 S Low Below SOwlrril- MediJrn 

Snario.41 9 Low Beklw~w/rri' MediJrn 
Snario.42 14 Low Beklw~w/rri' MediJrn 

Snario.43 17 Low Beklw~w/rri' Mediun 

ofPDH.Mean il'Noisy.Cnssroom-Days' is greater than 'Qui:LClassroom-Days' 

ofPDH.Mean il'Noisy.Cnssroom-Days' is klwer than 'Qui:LCklssroonrDays' 

ofPDH.Mean in 'Noisy.ClassroonrDays' is equal to 'Qui:I.Classroom-Days' 

A", <PDILMEAN) 

7.11 
10.56 
9.42 
3.9 

10.51 
8.81 
15.87 
IS.S 

19.51 

7.19 
7.68 
11.31 
9.3 

19.54 

11.09 
11 .94 
IS.57 

22.84 

19.83 

13.26 

Q>N 

Q<N 
Q<N 
Q>N 
Q>N 
Q>N 
Q>N 

Q<N 
Q<N 
Q>N 

Q>N 

Q<N 
Q<N 
Q<N 

Q<N 

of PDH.Mean in 'Noisy.Classroom-Days' ard 'Qui:LClassroonrDays' are equal to zero 

Table 3-2.18: Averages of 'mean percentage of dissatisfaction from overheating' for noisy and quiet classroom-days 

based on cooling degree hours, actual dajly solar irradiance, risk of recejving solar grun and thermal mass level. 
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A T test is carried out between the averages of 'mean percentages of dissatisfaction from 

overheating' for noisy classroom-days and quiet classroom-days. As can be seen from Table 3-

2.19, they are significantly different (P <0.05) with an average difference of 3.68%. These 

differences vary from 1.92% to 5.45 %. Therefore, it is suggested that aircraft noise is a predictor 

for the mean percentage of dissatisfaction from overheating and consequently indoor temperature. 

In this table, the 'standard deviation' of al l data is 4.37. 'Standard error mean' is calculated by 

dividing 'standard deviation' to the square root of the number of data. T value is calculated by the 

differences between the mean data in each group divided by 'standard error' . Degree of freedom 

(df) is calculated by subtracting 1 from the number of data. P value is derived from a table which is 

calculated based on 'T value' and 'Degree of freedom' . 

Paired Samples Statlstlc:s 

Sid . Error 
Moan N Sid. Do~ation Mlan 

Po lr 1 N PDH.r.EAN 125704 2f! 644980 1.26491 

o.PDH.r.EAN 8 .8808 26 4.48219 .87903 

Paired Sample. Te.t 

Paired Differences 

95% Confidence Inte".,1 olthe 
Oltrer&nce 

Sid. De~ation 
Std. Error 

Lowe I Ueeer I df Sio. (2-lailed) Moan Moan 
Pair 1 N .PDH .~AN- 3.68962 4.37236 .85749 1.92358 J 5.45565 4.303 25 .000 

a.PDH .~AN 

Table 3-2.19: Comparison of the averages of ' mean percentage of dissatisfaction from overheating' for 

' Noisy classroom-days' with 'Quiet Classroom-Days' using Paired Samples Test 
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- Criterion 1.2: Impact of aircraft noise on Maximum percentage of dissatisfaction 

from overheating 

The averages of 'maximum percentages of dissatisfaction from overheating' in noisy and quiet 

classroom-days are compared with each other based on cooling degree hours, actual daily solar 

irradiance, maximum risk of receiving solar gain and thermal mass level in Table 3-2.20. 

Climate Conditions Building factors 
A,,. (PDH.MAX) 

Scenarios 
CooIiJ1l Actual daily Rt.k orre .. lvlng 

degree hours IITIOdinoe solargoln 
1bennal nass 

Quiet Noisy Comparison 

Snario.1 0 High Above SO wInY MedAun 7.75 7.93 Q<N 
SnarD.2 1 High A~SOwlrri Medium 7.65 10.85 Q<N 
Snare.3 3 High Abo", SO wlrri MedAun 11.71 25.75 Q<N 
Snari>.4 4 High Abo", SO w/rri Medium 14.82 14.9 Q<N 
Snario.S 5 High Above 50 w/rll'- Me<tium 13.26 7.97 Q>N 

SnariJ.6 6 High Above 50 wInY Me<tium 20 21.17 Q<N 
Soario.7 8 High Above SO wlrri Medium 14.28 13.69 Q>N 

Soario.S 9 High Above 50 wlrri- MedAun 12.72 24.44 Q<N 

Snario.9 14 H.gh Above SO wIn:;. MediJm 20.67 34.42 Q<N 
Snarn. lO 17 High Above SO w/nl'- Medium 30.92 33.9 Q<N 
Snario. 11 22 High Abo~'e SO w/rrr MediJm 22.52 43 Q<N 
Snari>.12 0 Hign Below SO wlrri Medium 7.32 9.39 Q<N 
Snario. 13 I High Below SO wlr.ril MedUm 9.27 10.8 Q<N 
Srurio.14 3 High Below SO wlrri MedJJm 6.22 12.29 Q<N 
SoarD. IS 4 High Below SO wlrri Me<tium 18.71 17.89 Q<N 
Snari>.16 5 High Below SO wlrri MedAun 7.97 15.81 Q<N 
SnariJ.17 6 High Below SO wi,", Medium 11.64 24.91 Q<N 
Snaro.IS 8 High Below SO wlrri MedAun 23.53 17.7 Q<N 
Snario.19 9 High Below SO wlrri Mewrn 6.47 17.34 Q<N 
Snario.20 14 High Below SO wlrri MedaJrn 5.89 27.02 Q<N 
Snari>.21 17 High Below SOwlrJil Medi.un 16.63 29.63 Q<N 
Snario.22 22 High Below SO wlrri Medium 15.47 31.14 O<N 
Snario.23 0 Low Above SOw/rril MedaJm 4.27 6.48 O<N ~ 

Snario.24 1 Low Above 50 wlrrll Medium - - -
Snario.2S 3 Low A~SOwlrri MediJm - - -
Snari>.26 4 Low Above SO w/rrr MedJ.un - - ci"<N-Snario.27 5 Low Above SO w/nr Medium 19.08 25.57 

Snari>.28 6 Low A~SOwlrri MedAun - - -
Snaro.29 8 Low Above SO wi,", Medium - - -
Snam.30 9 Low A~SOwlrri Med&Jm - - -
Snari>.31 14 Low Above SO wIlli- Medium - - -
Snari>.32 17 Low A~SOwlrri MediJm - - -
Snari:>.33 22 Low Above SO wi,", Medoum -
Snaro.34 0 Low Beklw SOwlrri MedAun 5.52 7.71 Q<N 
Snam.35 I Low Below SO wlrri Medaun - - -
Snario.36 3 Low Below SO wlrri Medium - -
Snari>.37 4 Low Below SO wlm' MedUm - - -
Sl\3ro.38 5 Low Below SOwlrri Medium 10.51 19.88 O<N 
Snaro.39 6 Low Below SOwlrri Medium -
Snaro.40 8 Low Below SOwlrri Medwm - - -
Snaro.41 9 Low Below SO wlm' MedIUm - - -
Sruril.42 14 Low Below SO wlm' Medium - - -
Snaril.43 17 Low Below SOwlrri Medinn - - -
Snaro.44 22 Low Below SO wlm' Meruum 

ofPDH.Max i1 ·Noi<y.Classroom-Dal"· is greater than 'QuietChssroom-Dal'" 

ofPDH.Max i1·Noi<y.Classroom-Dal"· is klwer lhan 'QuieLChssroom-Dal'" 

ofPDH.Max iI 'Noisy.Classroom-Da),· is equal to 'QuieLClassroom-Dal'" 

ofPDHMax iI "Noisy.Classroom-Dal"· and ·Quiet.Cbssroom-Dal"· are equal 10 zero 

Table 3-2.20: Averages of 'maximum percentages of dissati sfaction from overheating for noisy and quiet classroom

days based on cooling degree hours, actual daily solar irradiance, risk of receiving solar gain and thermal mass level. 
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A T test is carried out between the averages of 'maximum percentages of dissatisfaction from 

overheating' for noisy classroom-days and quiet classroom-days. As can be seen from Table 3-

2.21, they are significantly different (P<O.05) with an average difference of 6.41 %. These 

differences vary from 3.43% to 9.38 %. Therefore, it is suggested that aircraft noise is a predictor 

for the maximum percentage of dissatisfaction from overheating and consequently indoor 

temperature. In this table, the 'standard deviation' of all data is 7.36. 'Standard error mean' is 

calculated by dividing 'standard deviation' to the square root of number of data. T value is 

calculated by the differences between the mean data in each group divided by 'standard error'. 

Degree of freedom (df) is calculated by subtracting I from the number of data. P value is derived 

from a table which is calculated based on T value and Degree of freedom. 

'aIred Samples Statistics 

s.t. Error 
Meon N Sfd. Oc ..... on r.Aoon 

Pa ir 1 N.PDH MAX 1H.1i7ti2 2" 9.7317() 1 .I:IIUHj4 

Q.PDH MAX 13.2615 2" S.727!)!; 1.31928 

Paired Sample. Test 

Paired Differences 

95% Confidence InteMlI of the 
Difference 

Mean Sld . Oe .. ation 
St~~~o, lower Unne, I d' " in. I?-•• iled' 

Pal,' N.POH.MAX- 6.41462 7.36607 1.44460 3.43940 9.38983 4.440 25 .000 
O.PDH.MAX 

Table 3-2.21: Comparison of the averages of 'maximum percentage of dissatisfaction from overheating' for 

' Noisy Classrooms-Days' with 'Quiet Classrooms-Days' using Paired Samples Test 
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Graph 3-2.20: Comparison of the averages of 'percentage of occasions that indoor temperatures exceed adaptive thermal comfort by 3K (Catll)' for 

'Noisy Classrooms-Days' with 'Qniet Classrooms-Days' that have similar thermal mass, risk of receiving solar gain, solar irradiance and adaptive cooling degree hours 
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- Criterion 2.1. Impact of aircraft noise on the occasions that indoor temperatures 

exceed the adaptive thermal comfort by at least 3K (CatIl) in noisy and quiet 

Classroom-Days 

The averages of 'percentages of occasions that indoor temperatures exceed the adaptive thermal 

comfort by at least 3K (CatII)' in noisy and quiet classroom-days are compared with each other 

based on cooling degree hours, actual daily solar irradiance, maximum risk of receiving solar gain 

and thermal mass level in Table 3-2.22. 

Climate Condilions BuDding faclors A", (pGR.CatTI) 
Scenarios CooImg Aet ... daUy Riskof .... lvq 

degret houn II1'Odintt solar gain 
The..".lnau 

Quiet Noisy Comparison 

Snario. l 0 1I ;g)l AIxwe lO wl.w Medium 0.97 0.19 Q>N 
Snario.2 1 1I;g)l Above SO wJm2 Medium 0 0 Qoft 
Snario.3 3 H;g)l Above.50w/~ Mcdlwn 0.84 7. 14 Q<N 
Snario.4 4 1I;w. Above SO wfm1 Mcdlwn 0.59 0.59 Q>N 
Snaro.5 5 H.;g)l Above 50 wfm1 Mcdlwn 0.84 0 Q>N 
Snario.6 6 H;g)l Above SO wJrril Mcdlwn 2.94 0 ~.~ 5oIno.7 8 H;w. Above SO wJm1 Mcdlwn 0 0 
50100.8 9 H;w. Above SO wJrril Medium 1.26 3.57 Q<N 
Snario.9 14 H>gI> Above SO wlrri- Mcdlwn 2.52 21.42 Q<N 

Snario. IO 17 H;g)l Above SO wfm'l Medium 28.99 21.42 Q>N 
Snario. ll 22 11 0:1> Above SO wJm1 M edium 28.99 71.42 CkN 

Snario.12 0 H;w. Below SO w/m' Medium 0 0.3247 Q<N 
Snario.13 1 1I ;g)l Below SO w/mJ Me<Wm 1.19 0.14 

~,~~ Snario.14 3 H;w. Below SO wlm' Medium 0 0 
SIlilrO. I.5 4 HiBb Below SO wJml Mcdlwn 9.52 3.57 -~-:--;-Snario.16 5 Hi8Jl Scbw SOw/m1 M edium 0 0 
SnariO.17 6 H;g)l Bebw.50wfnil Mcdaun 0 9.52 Q<N 
Snaoo.IS 8 Higil Below SO w/m2 Medium 3.57 4.08 Q<N 
Snario. 19 9 1I;w. Below 50 w/ml Meditm 0 0 Q>N 
Snario.20 14 H.;w. Below SO w/m' Medilm 0 45.23 Q<N 
Snario.21 17 Higil Below SO w/m' Mcdlwn 0 45.23 Q<N 
Snario.22 22 IJ O>h Below SO wtrr Medium 0 33.33 Q<N 
Soorio.23 0 Low Above SO w/rfiJ Medium 0 0 
Snalio.24 1 Low Above SO wlm' Modaun - - -
Snam.2.1 3 Low Above SO wJrri! Mcdlwn - - -
Snaoo.26 4 Low Above SO wfm1 MCcWm - - -.,,-
S01M.27 5 Low Above 50 wJrril MedKmt 3.78 25 _ Q<N-
Snario.28 6 Low Above 50 wJW Medium - - -
Snario.29 8 Low Above 50 wJrril Medium - - -
Snario.30 9 Low Above 50 wJrril Medium - - -
Snario.31 14 Low AIxwe lO w/IW Medium - - -
Snaro.32 17 Low Above 50 wlrri'- Me<Wm - - -
Snario.33 22 Low Above SO wJrril Meda>m -
Snaro.34 0 Low Below SO wfm1 Mcd>um 0 0.036 Q<N 
Snario.3S 1 Low Below.50 wJm2 Mcdlwn - - -
Snario.36 3 Low Below 50 wfrriJ MedUn - - -
Snario.37 4 Low Below 5Owfrn2 Meda>m - - -
Snario.38 5 Low Below 50 wlm' MedKmt 0 0 
Snario.39 6 Low Below 50 wlm' Mcdlwn - - -
Snario.40 8 Low Below 5Owfrn2 Medium - - -
Soario.41 9 Low Below 50 wfrrtl Modaun - - -
Snario.42 14 Low Below 50 wfrn2 Mcdaun - - -
SOIrio.43 17 Low Below 50 wfrrtl Mcdaun - - -
Snario.44 22 Low Below 50 w/m' Medium -

of PGR CalU in 'Nol!>y.Classroom-Oays' is greater than 'Quu-Chssroom-Oays' 

PGR O II II in ·No~y.Clossroom-Days· ~ klwer than 'QulCtClassroom-Days' 

of PGR Calll in 'Noisy.Classroom-Days' is equal 10 'QuielCIasMoo~Days' 

of PGR.Cat 11 in 'Noisy.CBsu-oom-Oays' and 'QuielCklssroom-Oays' are cqual107UO 

Table 3-2.22: Averages of 'percentages of occasions that indoor temperatures exceed the adaptive thenna! comfort by at 

least 3K (CaUT)' in noisy and quiet classroom-days based on cooling degree hours, solar irradiance and risk of receiving 

solar gain and thennal mass level. 
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A T test is carried out between the averages of 'percentage of occasions that indoor temperatures 

exceed the adaptive thermal comfort by at least 3K (CatlI), in noisy and quiet classroom-days. As 

can seen from Table 3-2.23, they are significantly different (P <0.05) with an average difference of 

7.93%. These differences vary from 1.46 % to 14.40 %. It is therefore suggested that aircraft noise 

is a predictor for the occasions that indoor temperatures exceed adaptive thermal comfort by at 

least 3K (CatlI) and consequently indoor temperature. In this table, the 'standard deviation' of alJ 

data is 16.01. 'Standard error mean' is calculated by dividing 'standard deviation' to the square 

root of the number of data. T value is calculated by the differences between the mean data in each 

group divided by 'standard error'. Degree of freedom (df) is calculated by subtracting 1 from the 

number of data. P value is derived from a table which is calculated based on 'T value' and 'Degree 

of freedom' . 

Paired Sample. Stad.tlc. 

Sid Error 
Moon N Skl . o olAalon Moan 

Palr1 NPGR.Calli 11 .2389 28 18.70399 3 .66815 

Q.PGR.Calil 3 .3077 :/6 7 .8351 5 1.53660 

Palr.d Simpl •• Telt 

Paired Differences 

95% Confidence Interval of the 
Difference 

Std. Error T Sio. I2-lailed\ Mean Sid . D .... Uon Mean Lower UDD.r t df 
Pairl N.PGR.CaUi - 7.93118 16.01811 3.14141 1.46133 I 14.40103 2.525 25 .018 

a .PGR.c.UI 

Table 3-2.23: Comparison of the averages of 'percentage of occasions that indoor temperatures exceed adaptive thermal 

comfort by 3K (Catll)' for 'Noisy Classrooms-Days' with 'Quiet Classrooms-Days' using Paired Sample Test 
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-Criterion 2.2. Impact of aircraft noise on the occasions that indoor temperatures 

exceed the adaptive thermal comfort by at least 4K (CatIII) in noisy and quiet 

Classroom-Days 

The averages of 'percentages of occasions that indoor temperatures exceed the adaptive thermal 

comfort by at least 4K (CatIII)' in noisy and quiet classroom-days are compared with each other 

based on cooling degree hours, actual daily solar irracliance, maximum risk of receiving solar gain 

and thermal mass level in Table 3-2.24. 

Clbnate Conditions Building factors 
PGR.CatJD 

Scenarios 
Coot .. Actual dany Risk or .. eetv .. 

degftt boln Imullne. solar pin 
1bemlaln-.ss 

Quiet Noisy Comparison 

Snaro, J 0 H"", Above.so w/rei Med&un 0.12 0 Q>S 
Soar-n.2 I H;gJl Above.50 w/ni- Medaim 0 0 QoN 
Snaril.3 3 H"", Above 30 w/rd Medalm 0 0 QoN 
Snaro.4 4 H"", Above SO wIrer MedRim 0 0 o.!!_ 
Snam.S 5 H;gJl Above .5Ow/m. Medl.tm 0.42 0 Q>!< 
Sna1'O.6 6 H"", Above.50w/rrJ Medaun 0.84 0 Q>~-
Snare.7 8 H;gJl Above SO wI," MediJm 0 0 QoN 
Snari:>.8 9 H"", Above SO w/f.Ii. Medium 0 0 

~-Snam.9 14 H"", Above.50wlrrJ Meda1ffi 0.84 3.5 
SlUm. to 17 H"", Above.50 w/rd MedaJrn 7.9 3.57 Q>!< 
Snare. 11 22 ~ Above.50 w/rrJ MediJm 7.98 35.71 ~'1 
Snaro.12 0 f' ''''' Debow SOw/rd Meda>m 0 0.02' Q<.'1 

Snario.13 I H"", Below .sow/ID' MedtJm 0 0 

~ Snarnl4 3 H;gJl Bebw SOwirrr Medium 0 0 
Snario.15 4 H"", Bebw.50w~ MedAlRl 0 0.297 

=~= Sna.ro. J6 S H"", Debow .sow/rri- Mc:dalm 0 0 
Snano.17 6 H;gJl BeIow.50 w/rri Medi.tm 0.42 0 0>:-1 
SnarD.IS 8 Hogh Bebw SOw/rei MediJm 0 1.36 ~~ SIII.OO.19 9 H;gJl Bebw.50wtm MedtJm 0 0 QoH 
Snario.20 14 1I;gJl Sehw 3Owfrri. Meoom 0 0 00N 
Snam.21 17 H"", Bebw lOw/"" MediJm 0 0 
Snaro.22 22 H"", !lew 5Ow/rri' MectaJm 0 2.3 ~'1 

Snaro.23 0 Low Above.50 w/m1 Meoom 0 0 ---Snarn.24 1 Low Atxwe .5Ow/m1 MediJm - - -
Snaro.25 3 Low Above.50 wild Meoom - - -
Snaro.26 • Low Above 50 w/tri- MecWm - - -
Snuil.27 5 Low Above SO w/rrJ MediJm 042 0 Q>~ 
Snano.28 6 Low Above 50 w/rd Medllm - - -
Snario.29 8 Low Above SO w/rd Medilm - - -
Snar-O.30 9 Low Above SO w/ni- MedaJm - - -
Snam.31 14 Low Above SO wlrri- Meda>m - - -
Snano.32 17 Low Above50w/~ Mcoom - - -
Snam.33 22 Low Above50w/~ McdIJm -
S03rn.34 0 Low Below SO w/rri'- Medl.lffi 0 0 .:...o.!'!. 
SDllrb3S 1 Low Sebw SOw/rril Medilm - - -
Snaro.36 3 Low Bebw 5Owlrri' Meoom - - -Snarn.37 4 Low Below.so w/rril Meditm - - -
Snaro.38 5 Low Bebw 50wfrriJ Medium 0 0 ~ 
S03.OO.39 6 Low 8ebw SOwM MediJrn - - -
Snaro.40 8 Low Bebw SOw/m2 MecWrn - - -
Snaro.4 1 9 Low 8ebw SOwfuil Mcdalm - - -
Snaro.42 14 Low Below SOw/nil Meoom - - -
SIWio.43 17 Low Bebw50wM Mc.wm - - -
S03ro44 22 Low Debw SOw/rrr Medilm -

ofPGR.CaLlll il 'N06)'.CbssrooorDays· 5 weater than 'QuieLClassrooorDays' 

ofPGR.C .. OJ in 'Noisy.CIassroom-Days' is lower !han 'QuieI.ClaslroOm-Days' 

ofPGR.C .. OJ ;"Noisy.Classroom-Days' is equal .. 'QweLCIassroom-Days' 

ofPGR.CiI ill in 'NOls),.Classroom-Days' am ·Q~I.CIassroom-Da)'S' are equal 10 2r::ro 

Table 3-2.24: Averages of ' percentages of occasions that indoor temperatures exceed the adaptive thermal comfort by at 

least 4K (Call I) ' in noisy and quiet classroom-days based on cooling degree hours, solar irradiance and risk of receiving 

solar gain and thermal mass level 
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A T test is carried out between the averages 'of percentages of occasions that indoor temperatures 

exceed adaptive thermal comfort by at least 4K (Catrn), in noisy and quiet classroom-days. As can 

be seen from Table 3-2.25, they are not significantly different (P >0.05) and therefore aircraft noise 

is not a predictor for the percentage of occasions that indoor temperatures exceed adaptive thermal 

comfort by at least 4K. This is associated with low outside temperature that did not cause 

Classroom-Days indoor temperatures to exceed 4K above the adaptive thermal comfort. In this 

table, the 'standard deviation ' of all data is 5.56. 'Standard error mean' is calculated by dividing 

'standard deviation' to the square root of the number of data. T value is calculated by the 

differences between the mean data in each group divided by 'standard error'. Degree of freedom 

(df) is calculated by subtracting I from the number of data. P value is derived from a table which is 

calculated based on 'T value' and 'Degree of freedom' 

Paired Samples Stalislics 

Std. Error 
Mean N Sid . DclAation Mean 

Pair 1 N.PGR.Catill 1.7985 26 6.99522 1.37188 

Q.PGR.Catill .7285 26 2 .13774 .41924 

Pllred Sample. Teat 

Paired Differences 

95% Confidence Interval of the 
Difference 

Std. Error I df SID. 12-lailedl Mean Std. De~atlon Meen Lower UDDer 
Pair1 N.PGR.Catlll- 1.07004 5.56232 1.09086 -1.17663 I 3.31671 .981 25 .336 

Q.PGR.Catlll 

Table 3-2.25: Comparison of the averages of 'percentages of occasions that indoor temperatures exceed the adaptive 

thermal comfort by 4K (CatIU)' in 'Noisy Classrooms-Days' with' Quiet Classrooms-Days' using Paired Sample Test 
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b2)Method 2 

In this method, c1assroom-days which are assessed based on the fixed overheating model are 

divided into 11 groups (as opposed to three) based fixed cooling degree hours. Fixed cooling 

degree hours, is a 'cooling degree hours' which is calculated based on 25°C. The range of fixed 

cooling degree hours varies from 0 to 24. This range for the days in this study is 0, 1,2,3,6,7,8, 

15,21 and 24. As these data are no not normally distributed, it is suggested that the classroom-days 

are divided into the following groups in order to have more accurate results: 

• Group 1: Includes the classroom-days' corresponding to the fixed cooling degree hour of '0'. 

• Group 2: Includes the classroom-days' corresponding to the fixed cooling degree hour of '1'. 

• Group 3: Includes the classroom-days' corresponding to the fixed cooling degree hour of '2'. 

• Group 4: Includes the classroom-days' corresponding to the fixed cooling degree hour of '3'. 

• Group 5: Includes the classroom-days' corresponding to the fixed cooling degree hours of '6' . 

• Group 6: Includes the classroom-days' corresponding to the fixed cooling degree hours of '1'. 

• Group 7: Includes the classroom-days' correspond to the fixed cooling degree hours of '8'. 

• Group 8: Includes the classroom-days' correspond to the fixed cooling degree hours of '15' . 

• Group 9: Includes the classroom-days' correspond to the fixed cooling degree hours of '21'. 

• Group 10: Includes the classroom-days' correspond to the fixed cooling degree hours of '24'. 

As it was explained earlier, the classrooms days not only are categorised based on cooling degree 

hours but also based on actual daily solar irradiance, the maximum risk of receiving solar gain and 

thermal mass level. 
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Graph 3-2.21 compares of the 'averages of percentages of occasions that indoor temperatures 

exceed 25°C 128°C' in noisy and quiet Classroom-Days which have similar thermal mass, risk of 

receiving solar gain, solar irradiance and fixed cooling degree hours 

Tables 3-2.26 and 3-2.28 show the following data based on cooling degree hours, actual daily 

irradiance, risk of receiving solar gain and thermal mass level for Noisy and Quiet Classrooms

Days . 

• Averages of 'percentage of occasions that indoor temperatures exceed the fixed thermal 

threshold of 25°C' . 

• Averages of 'percentage of occasions that indoor temperatures exceed the fixed thermal 

threshold of 28°C'. 
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Graph 3-2.21: Comparison of the averages of ' percentages of occasions that indoor temperatures exceed 25°C 128°C in noisy and quiet Classroom-Days 

which have similar thennal mass, risk of receiving solar gain, solar irradiance and fixed cooling degree hours 

189 



- Criterion 3.1. Impact of aircraft noise on the occasions that indoor temperatures 

exceed 25°C: 

The averages of 'percentages of occasions that indoor temperatures exceed 25°C' in noisy and 

quiet classroom-days are compared with each other based on cooling degree hours, actual daily 

solar irradiance, maximum risk of receiving solar gain and thermal mass level in Table 3-2,26, 

Climate ConditiOI'6 Building facto rs 

Scenarios 
Ave (pGR,2S°C) 

Cooling Actual daUy Risk ofreceiv", 
1be rmal mass 

deg .... hows hndince solar gain 
Quiet Noisy Comparison 

Snario.l 0 High Above SO w/m' Medium 16,38 9,44 Q>N 
Soario.2 I High Above SO whJil Medium 48,43 33.67 Q>N 

Snario.3 2 High Above SO w/m' Medium 11.975 32.143 Q<N 
Snario.4 3 High AtxweSO w/rJil. Medium 27.311 60.714 Q<N 
Snario.5 6 High AboveSOwJrri! Medi.Jm 53JJ61 40 Q>N 
Snam.6 7 High Above SO wlrri' Medium 67.857 98.214 Q<N 

Snarn7 8 High AboveSOw/r.ril Medium 85.714 89.286 Q<N 
Snario.8 15 High Above SO wlrril Medium 80.67 100 Q<N 
Snario.9 21 Hjgh Abovc SO w/ffil Medium 97.89 100 Q<N 

Snario.l0 24 High AboveSOw/rril Medium 96.21 100 Q<N 
Snario.lI 0 High Below SO w/m' Medium 8.54 16.49 Q<N 
Snaro.12 I High 8eklwSO w/r'W- Medium 58.25 52.38 Q>N 
SnaOO.\3 2 High Below SO wlm' Medium 0 25 Q<N 
Snano.14 3 High Below SO wlm' Medium 0 38.095 Q<N 
Snano.JS 6 High Below SO w/m' Medium 51.78 47.95 Q>N 
Snario.16 7 High Below.50 w/rril Medium 50 85.71 Q<N 
Snario.17 8 High BelowSOw/m' Medium 96.42 100 Q<N 
Snario.18 15 High BeJow50 w/ffil Medium 0 100 Q<N 
Snario.I9 21 High Behw SO wlrri'- Medium 100 100 Q=N 

Snario.20 24 Hi"" Bebw.50wfrril MediJm 89.28 100 Q<N 
Snario.21 0 Low Above SOw/m- Medium 1.44 3.41 Q<N 
Snario.22 I Low Above SO w/m' Medium 8.82 3.57 Q>N 

Snario.23 2 Low Above SOw/w Medium - - -
Snario.24 3 Low Above SOwfrril MediJm - - - -
Snario.25 6 Low Above SOw/rri- Medium 88.65 100 Q<N -
Snario.26 7 Low Above SO w/m' Medium - - -
Snano.27 8 Low Above 50w/rri Medium - - -
Soario.28 15 Low Above 50 wIrer Medium - - -
Snario.29 21 Low Above 50 w/rri- Medium - - -
Snano.30 24 Low Above SO w/m' Medium -
Snario.31 0 Low Below SO w/m' Medium 3.01 8.98 Q<N 
5nario.32 I Low Below SO wlm' Medium 0 88.09 Q<N 
Snario.33 2 Low Below50w/~ Medium - - -
5nario.34 3 Low Below SO w/m' Medium - - --
Snario.35 6 Low Below SO w/m' Medium 78.57 95.23 Q<N-
SooOO.36 7 Low Below SO w/m' Mecfum - - -
5nario.37 8 Low Below SO w/m' Medium - - -
Snario.38 IS Low Below SOw/rrr Medium - - -
Snario.39 21 Low Below SO w/m' Mecfum - - -
SnaOOAO 24 Low Below SO w/m' Medi.ml -

of PGR.25'C in 'No;'y.Cl'lSsroom-Doys' is greater than 'Quiet.Chssroom-Days' 

of PGR.25'C il 'Noisy.Classroom-Days' is bwer than 'Qui:lCl'lSSroom-Days' 

of PGR25' C il 'Noisy.Classroom-Days' ;; equal to 'QuieLCbssroom-Days' 

ofPGR2S'C il 'Noisy.Classroom-Days' and 'Quiet.Classroom-Doys' are equal to 2£1"0 

Table 3-2,26: Averages of 'percentages of occasions that indoor temperatures exceed 25°C' for noisy and quiet 

classroom-days based on cooling degree hours, solar irradiance and risk of receiving solar gain and thermal mass 
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A T test is carried out between the averages of 'percentages of occasions that indoor temperatures 

exceed 25°C' for noisy and quiet classroom-days. As can be seen from Table 3-2.27, they are 

significantly different (P <0.05) with an average difference of 15.69%. This difference varies from 

4.46 % to 26.74 %. It is therefore suggested that aircraft noise is a predictor for percentage of 

occasions that indoor temperatures exceed 25°C and consequently indoor temperature. In this table, 

the 'standard deviation' of all data is 27.35. 'Standard error mean' is calculated by dividing 

'standard deviation' to the square root of the number of data. T value is calculated by the 

differences between the mean data in each group divided by 'standard error'. Degree of 

freedom (dO is calculated by subtracting 1 from number of data. P value is derived from a 

table which is calculated based on T value and Degree of freedom. 

Paired Samples Statistics 

Sid. Error 
Mean N Std. DelAation Mean 

Pair1 N.PGR.25 62.6297 26 37.33445 7.32189 

Q.PGR.25 46.9330 26 38.14812 7.48146 

Paired Samples Test 

Pal rod [){tforoncos 

96'~ Conldenc. I1lerval otl1. 
Difference 

Std. Error 
Moan SId. O."allon Me.n LrJwer Uooer I dt Slg,{~-u.II.(!l 

P.lrl N.PGR.25 - 15.69669 27.35299 5.38438 4.84858 26.74481 2.926 25 .007 
Q.PGR.2S 

Table 3-2.27: Comparison of the averages of 'percentages of occasions that indoor temperatures exceed 25°C' in noisy 

and quiet classroom-days using Paired Sample Test 
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Criterion 3.2. Impact of aircraft noise on occasions that indoor temperatures 

exceed 28°C: 

Averages of 'percentages of occasions that indoor temperatures exceed 28°C' in noisy and quiet 

classroom-days are compared with each other based on cooling degree hours, actual daily solar 

irradiance, maximum risk of receiving solar gain and thermal mass level in Table 3-2.28. 

Climate Condition; Building factors 

Scenarios 
Ave (PGR.2S·C) 

CoOO"Il Actual dally Risk ofre«lvlng 
1bemwIMlSS 

degree hours ilTacin<t solar gain 
~uiel No~ C~rison 

Snario.l 0 HISh Above 50 wlrW Medilm 1.73 0.307 Q>N 
Snario.2 1 Hish Above SO wlrri- MediJm 2.26 0 Q>N 
Snario.3 2 t·USh AboveSOwJrril Me<tium 0.21 0 Q>N 
SI\lrO.4 3 HiSh Above 50 w/m' Me<tium 0.42 3.57 Q<N 
Snario.5 6 HiSh Above 50 w/m' Me<tium 0 0 QotI 
Snario.6 7 HiSh AboveSOw/ni- Medium 1.05 5.35 Q<N 
Snario.7 8 HiSh Above 50 w/rri- Medium 5.88 3.57 Q>N 
Snario.8 15 HiSh Above SO w/rri'- MediJm 2.52 21.42 Q<N 
Sn:uio.9 21 HiSh Above SO wtrrr Me<tium 41.17 42.85 Q<N 

Snario.l0 24 Hi.h AboveSOwJ~ Meoom 28.99 71.42 Q<N 
Sn:uio.ll 0 HiSh Below 50 wlm' Medilm 0 0.22 Q<N 
Sn:uio.I2 I Hirh Below 50 wlm' Medilm 0 0.264 Q<N 
Sn:uio.I3 2 Hilh Below 50 wi"" Medium 0 0 QotI 
Snario.14 3 HiSh Below SO w/n¥ Medium 0 0 ~-'-Snario.15 6 HiSh Below SO w/w Medium 1.78 2.72 
Snario.16 7 HiSh Below 50 wi"" MediJm 0 0 M-
Snario.I7 8 HiSh Below 50 wi"" Medium 0 42.85 ~-
Snario.18 15 H1sh Below SO w/rW- Medilm 0 14.28 Q<N 

Snaril.19 21 HiSh Below 50 wlm' Medilm 0 66.66 Q<N 
5113.00.20 24 Hi h Below 50 wlm' Medium 0 33.33 Q<N 

Snario.21 0 Low Above 50 wi"" Medilm 0 0 := Snario.22 I Low Above SO wlrrr Me<tium 0 0 
Snario.23 2 Low AboveSOw/ffil Medium - -
Snario.24 3 Low AboveSOw/~ Medilm - - - -
Snario.25 6 Low AboveSOwJrril MedA.lm 3.78 25 Q<N -
Snario.26 7 low AboveSOw/~ Me<tium - -
Snario.27 8 Low AboveSOw/~ Medilm - - -
Snario.28 15 Low Above SO w/rrJ. Medium - - -
S03Iio.29 21 Low Above SO wlrri- MedOn - - -
Snario.30 24 Low Above SO wlrri- Medon -
Snano.3J 0 Low Below 50 wlm' MedOn 0 0 ...• ;.;. 
Snario.32 I low Below SO w/rril Medi..m 0 0 ~ 
Snario.33 2 Low Below 50 wi"" MedAun - -
Snario.34 3 Low Below 50 w/m' Medium - -
Snario.35 6 Low Below 50 w/rfi! Medium 0 0 "-CoIL 
Snario.36 7 low Below 50w/rrfl Me<tium - - -
Snario.37 8 Low Below 50 w/m' Me<tium - - -
Snario.38 15 Low Below 50 w/m' Me<tium - - -
Snario.39 21 Low Be~w50w/m' Medium - - -
Snaro.40 24 low Below 5Ow/rrf1. Medoum -

;, ·Noisy.Cns.room-Days' io; Dwer lhan 'Qlli>lClassroorn-Days' 

ofPGR.28"C;' 'Noisy.Classroom-Days· and ·QuicI.Crusroorn-Days' are equal 10 1lCro 

Table 3-2.28: Averages of 'percentages of occasions that that indoor temperatures exceed 28°C' in noisy and quiet 

classroom-days based on cooling degree hour , solar irradiance and risk of receiving solar gain and thenna] mass 
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A T test is carried out between the averages of 'percentages of occasions that indoor temperatures 

exceeds 28°C' in noisy and quiet classroom-days. As can be seen from Table 3-2.29, they are 

significantly different (P <0.05) with an average difference of 9.38%. This difference varies from 

2.17% to 16.59%. It is therefore suggested that aircraft noise is a predictor for 'percentages of 

occasions that indoor temperature' exceed 28°C and consequently indoor temperature. In this table, 

the 'standard deviation' of all data is 17.84. 'Standard error mean' is calculated by dividing 

'standard deviation ' to the square root of number of data. T value is calculated by the 

differences between the mean data in each group divided by 'standard error'. Degree of 

freedom (dt) is calculated by subtracting I from number of data. P value is derived from a 

table which is calculated based on T value and Degree of freedom. 

Paired Samples Statistics 

Std . Error 
Mean N Std . DelAation Mean 

Pair 1 N.PGR.28 12.8389 26 21.34592 4.18628 

a .PGR.28 3.4535 26 9.57728 1.87826 

Paired Samples Tesl 

Paired Differences 

95% Confidence InteMiI of the 
Difference 

Sid . Error 
Mean Std. Ou\4ation Mean Lower UODer I df Sio. 12-teiled\ 

Pairl N.PGR.28- 9.38542 17.84018 3.49675 2.17962 16.59123 2.683 25 .013 
a .PGR,26 

Table 3-2.29: Comparison of the averages of 'percentages of occasions that indoor temperatures exceed 28°C' in noisy 

and quiet Classroom-Days using Paired Sample Test 
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b3) Results of objective survey based on detailed procedure: 

The results of the above study are summarised in the following table (3-2.30): 

Different techniques used for studying indoor temperature Impact of 

aircraft on 

indoor 

Explanation Code temperature 

Average mean percentage of dissatisfaction from overheating (Mean.PDH) 

'" 
A verage maximum percentage of dissatisfaction from overheating (Max.PDH) 

'" 
Average percentage of occasions that indoor temperatures (GR.CatlI) 

'" 
exceed adaptive thermal comfort by at lea t 3K 

A verage percentage of occa ions that indoor temperature (GR.CatlII) x 

exceed adaptive thermal comfort by at lea t 4K 

A verage percentage of occasion that indoor temperatures exceed (GR.25°C) 

'" 25°C 

A verage percentage of occasion that indoor temperatures exceed (GR.28°C) 

'" 28°C 

Table 3-2.30: Summery of different method used for studying indoor temperature 

As can be seen from Table 3-2.30, in all of the techniques of assessing indoor temperature, aircraft 

noi e is a predictor except one. As it wa explained earlier, this is due to the outside temperature. 

As the re ult, it can be suggested that the high level of aircraft noi e significantly impact indoor 

temperature as it reduces the building' potential for having natural ventilation. 

c) Results of objective survey 

As per the results of objective urveys carried out under the general and detailed procedures, it can 

be concluded that the aircraft noise significantly impact indoor temperature. For this reason, the 

likelihood that the schools located in noisy regions experience overheating and consequently their 

occupants become dissatisfied from overheating, is higher than tho e in quiet regions . 
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d) Subjective survey 

A subjective survey was also carried out in order to test the results achieved from the objective 

surveys. In this survey, teachers were asked to rate different environmental noise sources (e.g. 

aircraft, lorries, cars etc.) and thermal comfort. 

A regression analysis is carried out between teachers' perceptions towards environmental noise and 

thermal comfort in low and medium thermal mass schools. The result of this regression shows that 

the aircraft noise is the only predictor for thermal comfort in both low thermal mass schools 

(p<0.05, r=0.323) and medium thermal mass schools (p<0.05, r=0.343). The following two graphs 

(Graph 3-2.22 and Graph 3-2.23) separately show this relationship as thermal mass level is one of 

the factors that have an impact on the indoor temperature. The teachers' perceptions were elkited 

through a questionnaire (Appendix 10.9). 
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Graph 3-2.22: Relationship between teachers' perception toward 
aircraft noise and thermal comfort (in low thermal mass school) 

7 ~----------------o-----o-----o-----~ 

' t-----------------o_-----o-_----o__--.-.--.. -~ 
Y: D.3II2&c +3.1976 ................... . 

5 t------L~R~>:~O'~11~n~~a~ .. r .. ~ .. ~ .. ~~- ~--O------~ 
....................... 

• t-----e-~~------------o-_----o-_----~ 

a +-----o_-----------------------o-_--~ 

I t---------------------------------~ 

l +-----~----O_-----~----~----~--~ 
1 I • , 

Alrcnft ...... 
1-""00 J!tth 7= Too much 

01 .......... ComfortVS __ ln __ ..... 

• ,. U._(1hennoIComf .... VS __ .. -....._-J 

Graph 3-2.23: Relationship between teachers' perception toward 
aircraft noise and thermal comfort (in medium thermal mass school) 
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As can be een from Graphs 3-2.22 and 3-2.23, the teachers who rated higher levels of aircraft 
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noise, also rated lower levels of thermal comfort and vice versa. This subjective study confIrms the 

objective survey that claims aircraft noise is a predictor for thennal comfort. 

It should be noted that the schools in this study were chosen in such a way so as to be at a 

considerable distance from main roads and construction sites. For this reason , the ones located 

within a close distance to Heathrow Airport only suffer from aircraft noise and tho e located at a 

far distance to Heathrow Airport do not suffer from any kinds of environmental noises. 

The reason that other environmental noise sources do not act as a predictor of thermal comfort in 

this study, may be related to the strategy that has been applied to select the schools (i.e. 

considerable distance from main roads and construction sites). To determine that whether there is 

any relationship between other environmental noises with thermal comfort, further research should 

be carried out. 

In order to have a better understanding of how the level of aircraft noise impacts thermal comfort, 

the teachers' perceptions towards thermal comfort and aircraft noise are compared with the schools 

locations on the noise contour map of above 57 dBA. A regression analysis i carried out between 

'thermal comfort' and 'aircraft noise' perception and school 's location on the noise contour'. 

According to this regression , there is a significant relation between 'aircraft noise perception ' with 

the schools' location on the noise counter map (p<0.05 and r = 0.316) [Appendix 10.3], and also 

there is a significant relation between 'thermal comfort perception' with the schools' locations on 

the noise counter map (p< 0.05 and 1- 0.337) [Appendix 10.10]. 
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Graph 3-2.24: The relation between schools' locations on aircraft noise with teachers' perception 
regarding aircraft noise and thennal comfort 
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Graph 3-2.24 shows the relation between the schools' locations on the aircraft noise contour map 

with the teachers' perceptions towards air craft noise and thermal comfort. As can be seen from this 

graph, the schools located on higher aircraft noise contours experience a lower thermal comfort and 

vice versa. 

As a result, it can be suggested that not only do the schools located in noisy regions have a higher 

risk of experiencing overheating in comparison to those located in the quiet regions due to the 

aircraft noise, but also the schools located in the noisy regions suffer from different levels of 

overheating according to their location on the noise contour map. In other words, distance of the 

schools' buildings from Heathrow airport and the impact of aircraft noise on classrooms' 

background noise level have impacts on the level of thermal comfort. The high level of aircraft 

noise plays an important role on dissatisfaction from overheating as it reduces the buildings' 

potential for having natural ventilation. 
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3.3. Analysis: Impacts of buildings and climate factors (rather than 

ventilation) on summer overheating 

Overview: 

As mentioned earlier in the literature review, it is possible to minimise overheating by controlling 

the level of thermal mass, solar gain, internal gain & ventilation. The impact of lack of venti lation 

due to aircraft noise on summer overheating was di scussed in the previous part (3 .2). In this part 

(3.3), the impacts of other building and climate factors (other than ventilation) in summer 

overheating are studied. For this study, samples were chosen from the weekend days as the 

classrooms are unoccupied and all the windows are closed. Therefore, the impact of ventilation and 

internal gain on indoor temperature is considered as zero. This part of the study is carried out in 

two steps. In the fIrst step, data are studied as a whole (General study) and in the second, data are 

studied based on case studies (Detailed study). 

3.3.1. General study 

In this study, the impacts of building and climate factors (rather than ventilation) on indoor 

temperature are assessed as a whole based on a regression analysis. The regression analysis is 

carried out between (a) the indoor temperatures and (b) the outside temperatures and Actual daily 

solar irradiances (climate's factors) and classroom thermal mass levels (building factors) 

[Appendix 10.11]. The results are as follows: 

Indoor 
temperature 

Mean 
Year Out door Temperature Dally Sola, Irradln(e Thermal mass R Square £quatlon 

P<O.05 1'<0.05 1'<0.05 
2008 .•. - .........•.. --.-..• - .... - .•.. --.-•.. -.-.-... - ..... - ..•..•... --.-... 0.1116 Y= 0.380 Xl + -5.853E-5 X2 + 0.107 X3 +15.513 

81 = 0.380 82 =-5.8S3E--5 83= o.W7 

Mean P<O.05 P<O.05 1'<0.05 

Indoor 

lempe,ature 

2007 ····-·-·gl;;;-O:·iii:j·····-·· ··-···&2~:916E:.-S······ ··S·ii;;;-·.:o:-i22 0.127 Y=O.289X1+ 5.9!6E-5X2 HI 222 X3+ 17.244 

P<O.05 P<O.05 P<O.05 
2005 --·-·-g·i~o:2i6-····-·· -'-"'&"2;;"0:000-'-' '-&"3";;'-0:400-' 0.316 Y= 0.226X1+ 0.000 XH 0 409 X3 +17 409 

Year Mulmum Dally Solar Irradlnce Thermal mass R Square 
OUt door Temperature 

Equation 

P<O.05 P<O.05 1'<0.05 
2008 --.---.----.---.-- ---.-.--.- .--.-.--•. --.-.---.--. 0.249 Y= 0.396Xl+ 0.oooX2 + 0.396 X3 +13589 

IH = 0.396 In = 0.000 83= OABO 

MaKimum P<O.05 P<O.05 1'oU05 
2007 '-"'-'-gl~-O:31i-""-' '-'--s'z;;;7:ii36E:S'-'" '-ri3~-D:2ii1- 0.255 Y=O.317X1+ 7.836E-5X2 + -().261 X3 + 15510 

P<O.05 P<O.05 P<O.05 
2005 .--.-.-•.• -.--•. ---.-.- .---.-.--.-.--.-.-- -.--.-.--.-- OAll Y= 0.1150)(1 + 0.001 X2 +1 056X3 +19 050 

&1 = 0.050 82=0.001 B3=L056 

Table 3-2.31 : The relation between (a) indoor temperatures aJld 

(b) ou tside temperatures, actual daily solar irradiances and thermal mass levels 

According to the above table (Table 3-2.31), the indoor temperature mainly has a relationship with 

outdoor temperature, actual daily solar irradiance and also classroom thermal mass level. 
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As can be seen in 2005, the maximum indoor temperature does not have a relationship with the 

maximum outdoor temperature unlike in 2007 & 2008. Tills may be due to the fact that the 

numbers of days with a high level of solar irradiance is significantly higher in 2005 than 2007 and 

2008. 

The maximum daily global irradiance levels (from sunri se to sunset) on horizontal surfaces are 

8200 & 7593 W/m2 when tile sky is clear in the months of June and July respectively. The numbers 

of days that have more than 95% of the maximum daily global irradiance on hori zontal surfaces on 

a clear day are counted for different years (2005, 2007 & 2008). This would be the days that have a 

maximum daily global irradiance level of illgher than 77900 W/m2 (8200 X 95% = 7790) on 

horizontal surfaces for the month of June and 7213 W/m2 (7593 X 95% = 7213) for the month of 

July. 

RnchuiJn - Daily Rndiati>n · Doiy RadDti:m-
2008 Day globul aTOOlI'lI 

%da), 
2007 Day gIob:llnrm ... 'J 00» 

2005 Day Dailygl>hal 
(KJ"-Im) 

>95 
(KJ/"lm) 

>95 8rmurt(KJ/sq 

IAl'l§L2OOIJ Saturday 6099 lMl!; 2cxr1 Saturda S056 ~2005 Saturd~ 7111 
15/06/2OOIJ Sunday 6341 17/01> cxrI Sunday 4911 19/06 2005 Sunday 11. 
21/06/2008 Saturday 1945 23101> 2cxr1 Saturda 4147 25/06 2005 Saturday 1154 

22/06/2OOIJ Sunday 7468 24/"" 2cxr1 Sunday 26S6 2fi06 200S Sunday SlI96 
28/06 200IJ Saturday 7417 3006 2007 Saturda 1596 (12/07 200S Saturd!Y.,. 1958 
29 06 200IJ Sunday 5166 O@1lJ._cxrI SundM_ 5590 m rrl200S Sundft 2900 
OS rrl200IJ Satunlay S18S 1I1/07/2OCf1 Saturda 73IS "" C!l 2005 Saturd~ 3436 
06 C!l 200IJ Sunday 3068 08/072cxr1 Sunday 7103 10/07 2005 Sunday 7604 
12 II1 200IJ Saturdav 4174 1407 20Cf7 Saturd. 5527 16/rrI 2005 Saturday 7576 
13 II1 200IJ Sunday 6202 ~07 2cxr1 Sund.!t,. 3802 17 rrI 2005 Sund!y' 1154 
19 II1 2008 Siturd. 5451 2107 2007 Saturd. 4822 23 C!l 200S Saturd'!y' 2fi39 

2O/1I12OO1J Sunday 4865 22/07/2cxr1 Sunday 6430 24 (J1 200S Sund~'y 2101 
Number of davs that have Number of days that have Numberof days that have 
more than 95% of the more Ihan 95" of the more then 95" of the 
maximum daily Irradiance on 0 O!I Maximum dally Irndiance 1 8% maximum dally irradiance S 

horizontal surfaces on a clear on horizontal surfaces on on horizontal surfaces on I 

Table 3-2.32: Actual daily solar irradiance (from sunri e to sunset) on horizontal surfaces 

for the weekend days of 2005,2007 &2008 

%da» 
>95 

42% 

As it can be seen from Table 3-2.32, 42% of the days had a high solar irradiance on horizontal 

surface in 2005. This is the rea on that, instead of the maximum outdoor temperature and solar 

irradiance, only the solar irradiance (followed by thermal mass) becomes the predominant factor 

for the maximum indoor temperature. 

It should be noted that the impact of actual daily solar irradiance on indoor temperature varies for 

each classroom and depends on the classroom's potential for receiving solar gain. It should be 

reminded from the literature review that a cia sroom solar gain potential depends on the following 

factors: 

• Clas room's direction 

• CIa sroom's window size 

• Clas room's shading and overshadowing 

• Classroom's glazing type 
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As a result of this part of the study, it can be concluded that the outside temperature, actual daily 

solar irradiance and thermal mass have significant impacts on indoor temperature. In the next part, 

it is illustrated how each of these factors impact the indoor temperature. 

3.3.2. Detailed study: 

The relationship between (a) indoor temperature and (b) 'outside temperatures', 'actual daily solar 

irradiance' and 'classroom's thermal mass level' is studied under two scenarios. In the first 

scenario, the impact of climate factors on indoor temperature and in the second scenario the impact 

of building factors on indoor temperature are discussed. 

3.3.2.1. Scenario 1: Impact of climate on indoor temperature: 

This scenario is carried out under two case studies. In the first case study, the impact of outside 

temperatures on indoor temperature is discussed and is the second case, the impact of actual daily 

solar irradiance on indoor temperature is discussed. 

a) Case study 1.1: Impact of outside temperature on indoor temperature: 

The aim of this part of the research is to show the impact of outside temperature on indoor 

temperature. As it was mentioned earlier, indoor temperature is affected by various building and 

climate factors. In order to study the impact of outside temperature on indoor temperature, 

classrooms with similar buildings factors, on occasions with similar climate factors. Which have a 

significant impact on indoor temperature (other than outside temperature) should be studied. In 

order to eliminate building factors, each classroom is compared with itself but on different days. In 

order to eliminate the impact of solar irradiance (Le. actual daily solar irradiance), the days with 

similar solar irradiances are chosen. Internal gain and ventilation have no impact on indoor 

temperature due to the fact that the indoor temperatures are studied during weekends when the 

schools are unoccupied (Le. there is nobody at the schools to produce internal gain and to open 

windows to gain natural ventilation). 

The indoor temperatures of 58 classrooms from 16 primary schools were studied on two different 

weekend days (28th of June and 13th of July) with nearly the same actual daily solar irradiance 

[which are above 20000 KJ/sq m (Le. 5556 Watt-hour)] but different outside temperatures. The 

max and mean outside temperatures on 28th of June were 23°C & 20°C respectively, while they 

were 21°C & 16 °C on 13th of July. 

The actual daily solar irradiances for 28th Jun and 13th of July were 26700 KJ/sq m (Le. 7417 Watt

hour) & 22327 KJ/sq m (Le. 6202 Watt-hour) respectively. 
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Paired sample T tests were run between the classrooms' indoor temperatures (mean and maximum) 

on two days that have similar solar irradiances but different outdoor temperatures. The results show 

that the indoor temperatures on these two days are scientifically different from each other which is 

due to the impact of outside temperature (as one of the climate factors) on indoor temperature 

(Appendix lO.12.a). 
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Graph 3-2.25: Comparison of the mean indoor temperature in each classroom on two different days with different outside temperatures 
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Graph 3-2.26: Comparison of the max indoor temperature in each classroom on two different days with different outside temperatures 
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The above two graphs (Graph 3-2.25 and Graph 3-2.26) show the mean and maximum temperature 

of 59 classrooms from 16 primary schools on two different days (28th of June and 13th of July). As 

can be seen, the mean and maximum indoor temperatures of all the classrooms on 28th of June are 

higher than the 13th of July. As al\ the factors such as thermal mass, ventilation, internal gain and 

solar irradiance (actual daily solar irradiance) are similar, it can be inferred that these differences 

are due to the differences between outside temperatures. In the other words, the above graphs 

confirm the impact of outside temperature on indoor temperature. 

b) Case study 1.2: Impact of solar irradiance (actual daily solar irradiance) on indoor 

temperature 

The aim of this part of the research is to show the impact of solar irradiance on indoor temperature. 

As it was mentioned earlier, indoor temperature is affected by various building and climate factors. 

In order to study the impact of solar irradiance on indoor temperature, classrooms with similar 

buildings factors, on occasions with similar climate factors, which have a significant impact on 

indoor temperature (other than solar irradiance) should be studied. 

In order to eliminate the impact of outside temperature, the days with similar outside temperatures 

are selected. Internal gain and ventilation have no impact on indoor temperature due to the fact that 

the indoor temperatures are studied during weekends when the schools are unoccupied (I.e. there is 

nobody at the schools to produce internal gain and to open windows to gain natural ventilation). 

The indoor temperatures of 58 classrooms from 16 primary schools were studied on two different 

weekend days (14th and 21th June) with nearly similar outside temperatures but different solar 

irradiances. The solar irradiance for 14th of June was 21995 KJ/sq m (i.e.6099 watt-hour) while it 

was 7003 KJ/sq m (Le.l945 Watt-hour) on 21 5t of June. 

The mean and max outside temperature for 14th and 21" June were 20°C, 15°C, 19°C and 16°C 

respectively, which are almost similar. The following two graphs (Graph 3-2.27 and Graph 3-2.28) 

show the mean and maximum temperatures of 58 classrooms from 16 primary schools on two 

different days (14th and 21" June). 

Paired sample T tests were run between the classrooms' indoor temperatures (mean and maximum) 

on two days that have similar outdoor temperatures but different solar irradiances. The results show 

that the maximum indoor temperatures in these two days are significantly different from each other 

which is due to the impact of solar irradiance on indoor temperature. As one of the climate factors 

the mean indoor temperatures in these two days are not significantly different from each other 

(Appendix 10. 12.b). The reason is explained below. 
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Graph 3-2.27: Comparison of the mean indOOT temperatures in each classroom on different days with different solar irradiances 
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Graph 3-2.28: Comparison of the max indoor temperatures in each classroom on two different days with two different solar irradiances 

206 



A further study of the above graphs and the results of T tests indicate that although all the building 

and climate factors are simi lar, the indoor temperatures of classrooms were not always higher on 

14lh compared to 21 51 
of June. For details, refer to Table 3-2.33. 

The percentace of the dassrooms that The percemace of the dHsrooms that The percent .. e of the dassrooms that 

Mean 

Max 

the I r indoor temperature their Indoor temperature their Indoor temperature 
were hl,her on 14th compared to 21th were lower on 14th compared to 21th were equal on both days 

68% 32% 0% 

69% 21% 10% 

Table 3-2.33: The percentage of classrooms which their indoor temperatures were 

higher, lower and equal on two specific days 

As the results uggest, the indoor temperatures of the majority of classrooms are higher on 14th 

compared to 21 sl of June which confirms the impact of daily solar irradiance on indoor temperature. 

This was also proven through a regression analysis as seen in part 1. However, a small minority of 

classrooms experienced lower indoor temperatures on the 14th of June. This is related to the 

buildings' potential for receiving solar gain. Some classrooms have the benefit of controlling 

excessive solar gain. In this case, 31 % of the classroom seem to have controlled the excessive 

gain. The classroom's potential for receiving solar gain is discussed in the next chapter. 

3.3.2.2. Scenario 2: Impact of building factors on indoor temperature 

This scenario is carried under two case studies. In the first case study, the impact of building's 

solar gain potential on indoor temperature is di cussed, and in the second case, the impact of 

thermal mass on indoor temperature is discussed. 

a) Case study 2.1: Impact of building's solar gain potential on indoor temperature 

As mentioned, the actual daily solar irradiance has an impact on indoor temperature according to 

the classroom's olar gain potential. The amount of solar gain that a classroom could potentially 

receive depends on the classroom's window area, orientation, shading and overshadowing, type of 

glazi ng & perimeter area. In the following ca e tudies, the impact of classrooms' window 

orientation as one of the factors that have a significant impact on classroom's solar gain potential is 

discussed for three different schools. 
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- Impact of classrooms' window orientation at Grove Road primary school: 

In this section, the impact of classrooms' window orientation on indoor temperature is hown using 

Grove Road School as an example. In this chool, classrooms face different directions (Figure 3-

2.28). 

The impact of window size, perimeter zone, shading and over-shadowing are similar in aU the 

classrooms. The impact of the following factor on indoor temperature is also found to be similar in 

this part of the study: 

• The impact of ventilation and internal gain on indoor temperature is similar. This is due to 

the fact that the study is carried out on a weekend day. 

• The impact of alar irradiance and out ide temperature on indoor temperature is similar. 

This i due to the fact that the study is carried on a single day . 

• The impact of thermal mass on indoor temperature i similar. This is due to the fact that the 

study i carried out for a single school which has the same level of thermal mas for all the 

school' building. 

In order to study the impact of classrooms' window direction on indoor temperature with accurate 

results, a weekend day with the highe t solar irradiance and outside temperature wa selected. 

Saturday 28 th of Jun 2008 with a total (sum) horizontal solar radiation of 26700 W/m2 (i.e.7417 

W/m2) and the mean of 20°C and maximum of 23° temperature. 

It can be seen from the foUowing table (Table 3-2.34) that 28th of June 2008, is the weekend day 

which has the highe t solar irradiation as well a out ide temperature in this duration. 

Day Date 

Radiation 

DaIlYllobal 
(KJ/sqml 

Radiation 

Dally Ilobal amount 

(watt.hour/sq ml 

Max 
·C 

Mean 
·C 

Table 3-2.34: Solar irradiation and outside temperature during the chosen weekend in 2008 
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It should be noted that the sum of the maximum possible daily global solar irradiances on 

horizontal surfaces are 8200 and 7593 W/m2 for the months of June & July which were derived 

from the Appendix.6 which is derived from CmSE Guide A (Table 3-2.35). These data are for a 

day with a clear sky and therefore the maximum possible daily (sum) global solar irradiance. 
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Table 3-2.35: Maximum possible daily global solar irradiances on horizontal 

surfaces in the months of June and July 
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Graph 3-2.29 (extracted from CmSE Guide A, 2006) and Table 3-2.36 show the 'average' of the 

97.5 percentile of the global irradiance on vertical and horizontal surfaces for London in June & 

July for the duration between sunrise and sunset (3:30-20:30) on a clear day. 

For more details regarding Graph 3-2.24 and Table 3-2.38 refer to Tables 3-2.4 and 3-2.5. 
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Graph 3-2.29: Average daily global solar irradiance for June & July 

in London on different surfaces 
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Average Average 
OrienlJllion (WaLhour/Sqm) (WaLhour/Sqm) 

June July 

N 137 126 
NE 205 189 
E 280 259 

SE 270 253 
S 222 212 

SW 266 252 
W 275 258 

NW 203 188 

Table 3-2.36: Average daily global solar irradiance for June & July 

in London on different surfaces 

As can be seen from the table above, the 'North' orientation has the lowest global irradiance while 

the 'East' & the 'West' orientations have the highest. In the following pages, the impact of 

classrooms' window orientation on indoor temperature is studied in Grove Road primary school, 

and it is assessed whether the indoor temperatures are higher in the classrooms that have windows 

facing the East and West when compared to those with windows facing North . 

The following photo shows the bird's eye-view of Grove Road primary school and the orientation 

of its classrooms. 

As can be seen, 8 classrooms are placed in a circular shape, each of which receives different 

amount of global solar irradiance according to their orientation. 

Figure 3-2.28: Plan view of different classrooms in Grove Road primary school 
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Figure 3-2.29: Elevation of different classrooms in Grove Road primary school 

Graph 3-2.30 shows the percentage of occasions that the indoor temperatures exceed 25°C, 26°C & 

27°C on a weekend day (28th of June from sunrise to sunset) in different classrooms of Grove 

Road primary school. On this day, the classrooms experienced indoor temperatures of above 25°C, 

26°C & 27°C while none reached 28°C. The percentage of occasions that the classrooms' indoor 

temperatures exceeded 25°C and 26°C were compatible with the amount of the global solar 

radiation each classroom received. 

Three regression analyses are carried out between indoor temperatures and global solar irradiances 

(Appendix 10.13) as follows: 

- A regression analysis is carried out between the percentages of occasions that indoor 

temperatures exceed 25°C (YI) and global solar irradiance (Xl). The result shows that there is a 

significant relation between them (n=6, p<0.05, R square = 0.782) and the relation is based on the 

following equation: 

Yl = 1.640 Xl + 116.229 

- A regression analysis is carried out between the percentages of occasions that indoor 

temperatures exceed 26°C (Y2) and global solar irradiance (X2). The result shows that there is a 

significant relation between them (n=6, p<0.05, R square = 0.814) and the relation is based on the 

following equation. 

Y2 = 2.388 X2 + 162.404 
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- A regression analysis is carried out between the percentages of occa ion that indoor 

temperatures exceed 27°C (Y3) and global solar irradiance (X3). The result show that there is a 

significant relation between them (n=6, p<0.05, R quare = 0.307) and the relation is based on the 

following equation. 

Y3 = 5.373 X3 + 187.33 

As all other factors such as thermal mass, ventilation, internal gain & solar gain (due to similar 

window area, window size and perimeter zone & glaze type) are similar; therefore the results of 

regression analy is confirm the impact of global solar irradiance on indoor temperature. Moreover, 

the only classroom that experienced a temperature of above 2rc was located in the East direction. 
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Graph 3-2.30: The relation between indoor temperatures exceeding 25°C, 26°C & 27°C and classroom ' orientations 

The following graph (Graph 3-2.31) shows the mean and maximum of indoor temperature on a 

weekend day (28th of June from sunrise to sunset) in different c1as room of the Grove Road 

primary choo\' The mean and maximum indoor temperatures in different classrooms are 

compatible with the amount of global solar radiation each classroom receives. 

Two regression analy es are carried out between indoor temperature and global olar irradiance 

(Appendix 10.]4) as follows: 

- A regre sion analy is is carried out between 'mean ' indoor temperature (Yl) and global solar 

irradiance (X]). The result shows that there is a igni ficant relation between them (n=6, p<0.05, 

R square = 0.8 ] 3) and the relation is based on the following equation: 

Yl = 75.352 Xl -1679.682 

- A regre ion analy i is carried out between 'maximum' indoor temperature (Y2) and global 

solar irradiance (X2). The result shows that there i a ignificant relation between them (n=6, 

p<0.05, R square: 0.788) and the relation i ba ed on the following equation. 

Y2 = 66.904 X2 -1533.199 
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As other factors such as thermal mas, ventilation, internal gain & solar gain component (window 

area, window size, and perimeter zone & glaze type) are similar, therefore the results of regression 

analyses confirm the impact of global solar irradiance on indoor temperature. 
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Graph 3-2.31 : The relationship between indoor temperature (mean and maximum) and classrooms' orientation 

Result: This part of the re earch confirms that window orientation has a ignificant impact on a 

building's solar gain potential, and consequently has an impact on indoor temperature. As can be 

seen from thi part of the study, classroom which have windows facing South, South East & East 

are warmer and they have a higher potential of experiencing overheating than the classrooms which 

have windows facing the North & North East. 

- Impact of classrooms' window orientation at Heston & Cranford primary school: 

In this ection, the impact of window orientation as well a overshadowing on indoor temperature 

is studied in two schools. In order to show the impact of overshadowing as one of the factors 

affecting classrooms' solar gain potential, the mean and maximum of clas rooms' indoor 

temperature of two primary schools were compared with each other. The Heston and Cranford 

primary chool have imilar building characteri tic as follow: 

• Thermal mass level (low) 

• Window size (which have impact on clas rooms' solar gain potential) 

• Schools layout 

• Ventilation level (which is not discussed in this part) 

The only difference between these two schools is that the classrooms in Heston primary school 

have all the windows facing the north and are over hadowed by tress which have been planted 

within a clo e di tance to the clas rooms, whjle the windows in Cranford primary are facing the 
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south and are not over-shadowed (although there are buildings located to the South of this school, 

this school is not overshadowed by these buildings in the months of June and July). 

Graph 3-2.32 shows the sunlight availability in Heston primary school and Graph 3-2.33 shows the 

sunlight availability in Cranford primary school. As can be seen, the sunlight availability in Heston 

primary school is blocked by trees while Cranford primary school is not affected by the adjacent 

buildings in the mouths of June and July. 

Graph 3-2.32: Sunlight availability 

(Heston Primary School) 

Graph 3-2.33: Sunlight availability 

(Cranford Primary School) 

Figure 3-2.30: Plan view of studied classrooms in Heston primary school (left) 

Figure 3-2.31 : Photo of a close distance of trees and Heston primary school (right) 

Figure 3-2.32: Plan view of studied classroom in Cranford Primary School 
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In the previous section, it is conflrmed that the classrooms which have windows facing the south 

experience a higher indoor temperature when compared to those facing the North. 

The following graphs (Graph 3-2.34 and Graph 3-2.35) show the mean and maximum indoor 

temperatures of Heston and Cranford Primary Schools on a weekend day (28th of June) . 

... 

Helton Cranford Helton Cranford 

Graph 3-2.34: Comparison of the Graph 3-2.35: Comparison of the 

mean indoor temperatures maximum indoor temperatures 

As can be seen from the above graphs (Graph 3-2.29 and Graph 3-2.30), the mean and maximum 

indoor temperatures are significantly lower in the classrooms of the Heston School than those in 

the Cranford school on Saturday 28 th of June in 2008. This is due to the fact that the classrooms of 

He ton have windows facing the North which are also overshadowed by trees. 

Result: This part of this research confirms that window orientation has a significant impact on the 

building solar gain potential which consequently has an impact on the indoor temperature. As it can 

be seen from this part of the study, the classrooms of Cranford Primary School which have 

windows facing the South were warmer and had a higher potential of experiencing overheating, 

when compared to the classrooms of Heston Primary School which have windows facing the North 

and are also over-shadowed by trees. 

b) Case study 2.2: Impact of building's thermal mass on indoor temperature 

As mentioned in earlier part of this paper, indoor temperature is affected by building and climate 

factors. In order to study the impact of classrooms' thermal mass level on indoor temperature, the 

impact of all the building and climate factors, other than thermal mass level on indoor temperature, 

should be eliminated. 

For this reason the indoor temperatures of all classrooms with different levels of thermal mass were 
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studied during one weekend day. Therefore, the impact of internal gain and ventilation on indoor 

temperatures are simi lar in all classrooms in this study due to the fact that indoor temperatures are 

studied during a weekend. The outdoor temperatures and solar irradiances also are simi lar as the 

classrooms' indoor temperatures are compared on a si ngle day (28 th of June, 2008). Schools are 

divided to 3 groups of high, medium and low thermal mass. 
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Graph 3-2.36: Comparison of the maximum indoor temperatures on different thermal mass levels 
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Graph 3-2.37: Comparison of the mean indoor temperatures on different thermal mass levels 

The above two graphs (Graph 3-2.36 and Graph 3-2.37) show the mean and maximum indoor 

temperatures on a weekend day (with a high outside temperature and solar irradiance) for 3 groups 

of schools classified in terms of thermal mass (ffigh, Medium & Low). As can be seen, the higher 

the thermal mass level, the lower the level of indoor temperature and vice versa. 

One way ANOV A T test is carried out between the indoor temperatures (mean/maximum) and their 

relation to the thermal mass level (Appendix 10.15). The results show that there are significant 

differences between indoor temperatures considering their thermal mass level (P<0.05). 
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This part of the study confrrms the impact of clas rooms' thermal mass level on indoor 

temperature. As can be seen from the following table (Table 3-2.37), the hlgher the thermal mass 

level, the lower the mean and maximum indoor temperatures, and similarly, the lower the thermal 

mass level, the higher the mean and maximum indoor temperatures. 

95% CooIIdence Interval for 
Mean 

L~£lound .UPOerBound Mlnlrrum Maximum 
MaxJndoor.Temp H 23.17flO 2A_1375 2225 25_00 

M 24_3565 25_5721 2200 27.00 

L 14_6702 21>_6548 2275 31 _75 

Total 24_3804 25_3038 22.00 31.75 

Mean_Indoor_Temp H 22.0210 226844 21.26 23_52 

M 23_5805 24_5290 21.76 26_06 

L 23_0285 24_2308 21.29 26_56 

Total 23_0982 23_7575 21.26 26_56 

Table 3-2_37: Mean and Maximum indoor temperatures based on different thermal mass level 
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Chapter 4: Acoustic comfort 
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Chapter 4.1. Acoustic comfort literature review 

Chapter overview: 

The aim of this section is to review the principles of acoustic comfort inside classrooms, followed 

by an explanation regarding noise sources inside classrooms. Different methods have been 

suggested in order to provide better acoustic comfort inside schools and classrooms. The 

relationship between internal and external classrooms' noise (environmental noise) is also 

discussed. Children's perception of environmental noise and their annoyance level are reviewed, 

followed by an examination of how poor acoustic' classrooms have a higher impact on impaired 

children and the ones that do not speak in their first language. 

4.1.1. Acoustic principles: 

The main requirement of acoustic comfort is a sufficiently 'quiet' environment which enables 

communication tasks to be carried out comfortably and without distraction, i.e. with no unwanted 

sounds (noise) or vibration. Poor acoustic factors affect speech intelligibility inside classrooms 

meaning that children would be unable to hear their teacher, peers and also their classmates and 

hence transfer of information between them would be impaired. The acoustic factors which affect 

speech intelligibility are background noise level and reverberation time (Shield et aI, 2oo3a): 

1. Background noise level: Background noise commonly refers to any undesired sounds that 

impedes what a child wants or needs to hear (Knecht et al 2002). 

2. Reverberation time is the time taken for the sound to decay by 60dB. This time depends on 

room size, amount of sound absorption and frequency of sound (Sharples.S and Bougdah. H, 

2009). 

The most important parameter for speech intelligibility is the signal to noise ratio (Bradley et al 

1999). Signal-to-noise is the ratio that compares the level of a desired signal (such as music) to the 

level of background noise. As background noise level has a relationship with speech indelibility, it 

can be concluded that it has a high impact on acoustic comfort. 

4.1.2. Background noise benchmark 

As it was mentioned earlier, the lower the background noise, the better the speech intelligibility and 

the higher acoustic comfort, and vice versa. Ambient noise level is also recognised by the 

following expressions: background noise level, reference sound level and room noise level (ITS, 

2001). 

In Building Bulletin 93 (2003), the ambient noise level refers to noise transmitted from outside the 

school premises, building services, adjacent spaces, equipments used in the space, rain noise, etc. 
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Many national and international guidelines are in place regarding classrooms' acoustics. These 

guidelines mainly focus on three factors which are reverberation time, background noise level in 

teaching spaces and sound insulation between spaces inside schools. 

In the UK, the required acoustic condition in schools is mentioned in Building Bulletin 93. 

According to this document, the maximum ambient level (i.e. background noise level) is 35 dB 

LAeq 30 minute, in an unoccupied teaching space. 

Type of room Upper limit for the indoor ambient noise 

level LAeq,30min (dB) 

Primary school: classrooms, class bases, 

general teaching areas, small group rooms 
35 

Table 4-1.1: Recommended indoor ambient noise level for primary school classroom 

(Sources BB93) 

Not only does the BB98 recommend maximum ambient level as 35 dB LAeq 30 minute. for the 

background noise in teaching spaces, but so does the World Health Organization (WHO) 

Guidelines for Community Noise, which specify the appropriate background noise level for 

classrooms as 35dB LAeq during teaching sessions (WHO, 1999). 

4.1.3. Noise inside a classroom 

A lower undesired noise (Le. background noise) inside a classroom results in a higher speech 

intelligibility and better acoustic comfort. In order to better understand background noise, different 

noise sources inside a classroom are discussed. It should be considered that the classroom noise 

sources are the combination of noises from inside and outside the classroom, which are discussed 

as follows: 

4.1.3.1. Noises from 'outside' a classroom: 

Noises from outside a classroom can be divided in to the following categories: 

a) Noise sources from outside a classroom but inside a school 

This noise source usually refers to the noises that are transferred from different parts of the school 

such as adjacent rooms, corridor, halls and playground. 

Disturbing noises are transferred in to a classroom and cause the classroom to experience a poor 

acoustic comfort as a result of followings: 

1. Poor layout 

2. Poor airborne sound insulation between the classroom and other classrooms and spaces 
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3. Poor impact sound insulation between the classroom and spaces above it (BB93, 2(03). 

Figure 4-1.1: Poor layout, poor airborne sound and impact sound insulation and 

poor acoustic comfort (Sources BB93, 2(03) 

b) Noise sources from outside a school 

These noise sources usually refer to the environmental noises such as those from transportation 

systems, industrial, plant and also rain fall on lightweight roofs, which are transmitted through the 

building envelope. 

4.1.3.2. Noise sources from 'inside' a classroom 

Noise sources inside a classroom are teachers, students and the classroom's equipments. 

a) Teachers as a noise sources 

The level of noise that is produced by teachers' speech varies between 40-80 dB (A) (Hodgson et al 

1999). From published data, it is estimated that the speech noise level is 60.1 dB within a two 

meter distance from the teacher (Picard and Bradley, 2(01). 

b) Students as noise sources 

Primary School children are exposed to the noise that is produced by other students inside the 

classroom. This is also called 'classroom babble'. The noise level from 'classroom babble' is 

around 65 dB(A) Leq, while the overall noise level that students are exposed to is around 72 dB(A) 

Leq (Shield, 2(08). It can be concluded that students can have a significant impact on background 

noise level in different ways which are discussed as follows: 

Students' presence 

The presence of students, even if they are silent, causes the classrooms' noise level to increase to a 

level above the unoccupied classroom noise level (Shield & Dockrell, 2003a) as students always 

produce noise when moving chairs and rustling paper, but not necessarily through their voice 

(Hodgson, 1994). For example, in primary school classrooms, the noise level increases with the 

presence of students from 47 to 56.3 dB even when the students are quiet, according to a study 

carried out by Shield and Dockrell (2003a). 
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Students activities 

According to Shield and Dockrell (2004b), the ambient noise in occupied primary school 

classrooms is closely related to students' activity. In order to evaluate the classrooms' noise, Shield 

and Dockrell (2004b) proposed a method. In their method, classroom activities are broken down to 

the 6 activities mentioned below, drawing which different noise levels varying from 56 dB at silent 

activities to 77dB LAeq. When people are engaged in noisier activities involving group works and 

movement around the classroom are produced. However, according to three numbers surveys 

conducted by Moodley (1989) and Hay (1995), it is demonstrated that the representative value for a 

typical classroom activity in UK primary schools is 65 dB (A) Leq. 

Shield and Dockrell classification of activities: 

Activity 1: Children sitting at table doing silent reading to test. 

Activity 2: Children sitting at table or on the floor, with one person (teacher or child) speaking 

at anyone time. 

Activity 3: Children sitting at tables working individually, with some talking. 

Activity 4: Children working individually, moving around the classroom, with some talking. 

Activity 5: Children working in groups, sitting at table, with some talking 

Activity 6: Children with commonly occurring noise sources in empty classrooms. 

Student's age 

There is a negative correlation between the noise level produced by pupils and their age in 

classrooms (pichard and Bradley, 2001, Moodley, 1989). They found out that the noise level in 

primary school classrooms is higher than secondary school classrooms, as the children are younger 

and produce higher level of noise. However the relationship between students' age and their noise 

level is not shown in the study carried out by Shield and Dockrell (2004b). 

Students number 

According to the study carried out by Shield and Dockrell (2004b), it is demonstrated that there is a 

positive correlation between the number of students and the noise that they produce. This can be 

observed from the graph that is extracted from their study. As can be een, the more the number of 

students, the more the noise produced. 
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Graph 4- L.l: Relationship between classroom LAeq and LA90 levels and number of children 

(Source Shield and Dockrell • 2004b). 
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c) Equipment and Mechanical noise 

Equipment noise inside a classroom refers to the noise from computers, printers, audio-visual 

equipment etc. Mechanical noise inside a classroom refers to the noise from HV AC system, fans, 

air conditioning, air pumping, heating duct, faulty lighting devices etc. (CISCA, n.d.). 

4.1.4. Improving acoustic comfort 

Acoustic comfort inside a classroom could be improved by different methods explained as follows 

4.1.4.1. Teachers' experience and acoustic comfort 

The classrooms' acoustic comfort could be improved by having an experienced teacher rather than 

a trainee. An experienced teacher could have a significant impact on classrooms acoustic comfort 

as he/she could better manage the classroom and consequently decreases the noise level inside the 

classroom. According to the study carried out by Hay (1995) in 7 schools, it was discovered that 

the noise level is lower in classrooms which are managed by experienced teachers as compared to 

those managed by a trainee teacher. 

4.1.4.2. Controlling equipments I mechanical noise and acoustic comfort 

Classrooms' acoustic comfort could be improved by controlling the noise from equipments and 

mechanical devices which are explained as follows: 

a) Equipments noise control 

To control noises from 'equipments', the followings are recommended [CISCA, n.d]: 

• The equipments should be located away from the critical environment, 

• Padding should be installed under equipments to reduce vibratory noise, 

• Computers and equipments with low operating noise should be selected and instructional 

equipments that is needed for long-term use, in areas of the classroom that are noise-sensitive, 

should be covered with noise insolating enclosures, 

• Etc 

b) Mechanical devices noise control 

To control noises from 'mechanical devices', the followings are recommended (CISCA n.d): 

• The mechanical devices that can have an impact on background noise level such as fans, 

plumbing, conditioning, heating ducts, faulty lighting devices should be located away from 

critical environments, in the hallway or even outside the building, 

• Low noise-blast florescent should be used 
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• Etc 

4.1.4.3. Classroom acoustic treatment and acoustic comfort 

Classrooms according to their size and acoustical treatment could have a significant impact on the 

level of background noise level. 

The background noise levels in Victorian schools are slightly higher than modem schools. This is 

because of larger their room volumes and more reflective surfaces that have significant impacts on 

reverberation time (Shield and Dockrell, 2004b). 

Acoustic treatment can have a positive impact on background noise level. For example a study 

conducted by Airey and MacKenzie (1999) shows that when the background noise level in an 

untreated classroom is 44.7dB (A), this could drop to 40.1 dB (A) after being treated. However, in a 

survey of primary school classrooms, Mackenzie (1999) demonstrated that the average noise level 

was 56dB (A) in acoustically untreated classrooms when pupils were silent, which dropped to 46.5 

dB(A) in treated rooms. 

4.1.4.4. School construction and acoustic comfort 

Classrooms' acoustic comfort could be improved by choosing the correct insulation for airborne 

sound and structure borne sound (BB93, 2003). 

Airborne sound 

Airborne sound mainly refers to the sound that travels, but not exclusively, through the air and is 

heard by the ear. Sound from an external noise source can therefore enter a building not only 

through open windows but also through any cracks and gaps in the structure. Internal noise can 

carry through a space and can also be transferred through false ceiling voids and through 

ventilation ductwork. The amount of noise transmitted is not directly proportional to the size of 

opening. Even very small gaps and cracks can have a large detrimental effect on the ability of an 

element to reduce sound transmission. 

Structure-borne sound 

Sound borne sound mainly refers to the sound that travels by vibration through solid structures and 

is 'felt' (although we still usually interpret this as a 'sound') or re-radiated on the other side as air 

borne sound. Its causes include machinery, or anything that can cause an impact on hard floors 

such as footsteps. 
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a) Selecting the airborne sound insulation 

In order to attenuate airborne sound transmitted between spaces through walls and floors , airborne 

sound insulation should be used. 

The following table (Table 4-1.2) contains the required minimum airborne sound insulation values 

[DnT (Tmf,max), w (dB)] between rooms. These values are defined by the activity noise in the 

source room and the noise tolerance in the receiving room (BB93, 2003). 

Minimum DnT(Trnf,max),w (dB) Activity noise in source room (see table 4-1.3) 

Low Average High Very high 

High 30 35 45 55 

Noise tolerance in Medium 35 40 50 55 

receiving room 
Low 40 45 55 55 

Very low 45 50 55 60 

Table 4-1.2: Minimum sound insulation considering the 

activity noise and noise tolerance for a room (source BB93) 

Activity noise Noi e tolerance 

(Source room) (Receiving room) 

Primary school: c1as room, class bases, 

general teaching area, small group rooms 
Average Low 

Music classroom Very high Low 

Table 4-1.3: Activity noise (source room) and noise tolerance (Receiving room) 

for a primary school clas room and music room (source BB93) 

For example, classroom A is located in between classrooms Band C. Classroom B being a music 

classroom is located on the right hand side of classroom A and classroom C is located on the left 

hand side of classroom A. The Airborne sound insulation between classroom 'C&A' and 'A&B' 

are as follows: 

The airborne sound insulation between the classroom (A) and music classroom (B) should be '55' 

(Table 4-1.2), as the activity noise in the music room is very high and the noise tolerance in the 

receiving room is low (Table 4-1.3). The airborne ound insulation between clas room (A) and the 
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other classroom (C) should be '45' (Table 4-1.2), as the activity in this classroom is classed as 

average and the noise tolerance in the receiving room is low (Table 4-1.3). 

Airborne sound insulation for separating wall construction, any door set in the wall and any 

ventilators in the wall is shown with the weighted sound reduction index Rw which can be obtained 

from Table 4-1.4 (BB93, 2(03). The performance standard is set using a laboratory measurement 

because of the difficulty in accurately measuring the airborne sound insulation between rooms and 

corridors, or rooms and stairwells on the field. 

Minimum Rw (dB) 

Type of space used by student 

Wall including glazing Door set 

All spaces expect music rooms 40 30 

Music rooms 45 35 

Table 4-1.4: Minimum sound reduction index (Rw) for school spaces (source BB93) 

b) Selecting impact sound insulation 

The airborne sound insulation is shown with Minimum LhT (Tmf.max),w (d8).The objective is to 

attenuate impact sound (e.g. footsteps) transmitted into spaces via the floor. As can be seen from 

the following table (Table 4-1.5), the maximum weighted impact sound pressure level in a primary 

school is 60dB, on the basis of which the impact sound insulation should be designed (BB93, 

2003). 

Type of room Maximum weighted BB93 standardized 

(receiving room) impact sound pressure level 

L'nT(Tmf,max),w (dB) 

Primary school: classrooms, class bases, general 

teaching areas, small group rooms 
60 

Table 4-1.5: MaXimum weighted BB93 standardised 

impact sound pressure for a primary school classroom (BB93, 2003) 

Hence, it can be inferred that choosing the correct airborne and impact sound insulation is one of 

the criteria that could have an impact on providing better acoustic comfort inside a classroom. 
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4.1.4.5. School layout and acoustic comfort 

Classrooms' acoustic comfort could be improved by paying extra attention to the schools' layout 

from the early design stages. 

4.1.4.6. Site selection I school location and acoustic comfort 

Classrooms' acoustic comfort could be improved by choosing a quiet site for the purpose of school 

construction during the early stages of design. It should be noted that choosing a quiet site is not 

always possible in urban areas. In addition, based on Building Research Establishment's 

Environmental Assessment Method (BREAM) targets, the best sites are those that are close to 

public transport. This would mean that there could be a conflict between choosing a quiet site and a 

site which meets the BREAM targets. 

Two techniques are proposed by BB93 (2003) in order to overcome the impact of noise from 'rail 

and road' noises which are explained as follow: 

.t' Distance solution: In general, it is advisable to locate a school at least 100 m away from busy 

roads and railways, but in towns and cities, this is often not possible. However, the use of distance 

alone is a relatively ineffective way to reduce noise. 

0/ Noise Barrier: Noise barriers are much more effective than distance in reducing noise from 

road or rail traffic. In the following figure (Figure 4-1.2), earth bound acts as an acoustic barrier. 

Figure 4-1.2: A noise barrier technique to overcome the impact of noise 

from roads (source BB93) 

a) Environmental noise and its impact on internal noise 

According to the study carried out by Bridget and Dockrell (2003 a), classrooms' noises were 

dominated by the sound of children's activities and were therefore independent of the external 

environmental noises. It should be noted that in the survey, the focus was on the classrooms that 

were located in the areas of London that had a range of external noise levels except aircraft noise. 

In their study, the relationship between external environment and internal noise was examined by 

only comparing the average internal and external noise levels. Based on this comparison, it 

appeared that when children are engaged in quiet activities in the classroom, the ambient classroom 

noise level is closely related to the background noise level and underlying levels outside. In other 

words, environmental noises have an impact on internal noise level only when occupants are 
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occupied with quiet activities. It should be noted that in this study all windows were shut. In this 

study, children, particularly in the older age group (11 years), reported being able to hear a variety 

of environmental noise sources while being in the classroom, and over 90% of teachers questioned, 

felt that environmental noises affected the pupils' concentration. 

Hence, it can be inferred that environmental noise has a significant impact on internal noise and 

consequently on the students. As per the review in chapter 2 of this study, there is a significant 

relationship between environmental noise on students' health and academic performance. 

b) Environmental noise and students' perception 

Young children are sensitive to noise in the environment and can discriminate noise source that 

annoy them. Children's perception regarding environmental noise was studied and it has been 

found that children are able to discriminate between environmental noise sources such as cars, 

sirens, lorries, motorbike etc, according to the study carried out by Bridget and DockerIl (2004a). 

In their study, teachers were tested in order to evaluate the children's report and it was realised that 

both children and teachers reported hearing similar noise sources both at home and school. 

It should be noted that there is a difference between noises which are only heard and noises which 

are annoying. Children's reported level of annoyance was related to the maximum noise levels 

recorded outside the schools. Children defined annoyance as 'disturbing, being bothered, annoyed, 

feeling stressed out and upset and even fear (Jones, 2010). 

A clear hierarchy was discovered for the sounds that students found annoying. In this hierarchy, 

train, motorbike, trucks and sirens were ranked as the most annoying sound, while trees were 

ranked as the least annoying according to the study conducted by Bridget and Dockrell (2004c). 

Noises heard by children are assessed with LA90 and LA99 of external noise, however for 

assessing annoying noise heard by children LAmax is considered. 

Based on a study carried out in schools which are located under flight paths, children's responses to 

aircraft noise indicate that the children were consistently found to be annoyed by chronic aircraft 

noise exposure (Haines et aI.2oo2). 

A significant relationship was found between students' age and the distraction level caused by the 

high level of background noise when carrying out their academic tasks as per the study carried out 

by Gumenyuk et al. (2001). Based on this study, older children are less affected than the younger 

ones as they absorb most of the information from teachers' face and are more distracted by speech

like interference (Gumenyuk et al. 2001). Generally, younger children are more distracted in 

comparison to older ones (Gumenyuk et al. 2001). This means that the effect of environmental 

noises can become even more pronounced resulting is distracted behaviour (Blatchford et aI, 2oo3) 
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or a result in reduced attention span due to the continuous activity of tuning out the noise to reduce 

annoyance (Stanfeld et aI, 2000). Hence, it can be suggested that a high level of environmental 

noises and consequently high levels of background noise not only could be annoying but also could 

have negative impacts on children's health and their academic attainment which are discussed in 

the chapter 2 of this study. 

c) The impact of poor acoustic comfort on impaired children and those not taught 

in their first language 

As it was explained earlier in chapter 2, poor acoustic classrooms (Le. long reverberation time and 

background noise) have negative impact on students' health and performance. A comprehensive 

review is carried out in this chapter regarding the impact of environmental noises on students as 

they have a significant impact on background noise level inside classrooms. 

According to Nelson (2003) and Niskar et al (1998) the impact of high level background noise and 

long reverberation time is higher on children with hearing impairment than on the ones with a 

normal hearing. The percentage of primary school children who are hearing impaired is about 40 in 

the UK and USA. 

Hearing impairment in students can be temporary which is related to cold and ear infections (Shield 

& Dockrell 2003a) or could be a permanent impairment. Students with permanent hearing 

impairment are educated in the same school as students without hearing impairment (Shield & 

Dockrell 2003a). In each school some classrooms are allocated to such students. 

Hearing impaired children are not the only group who suffer more than healthy people from the 

poor acoustic classrooms. Other children affected by poor acoustic are those who are not taught in 

their first language according to a study by Nelson (2003) and Mayo et al (1997). In Hounslow 

Borough, which is located under the Heathrow flight path, a proportion of students are asylum 

seeker whose first language is not English, and consequently suffer in poor acoustic classrooms as 

a result of the high level of background noise (due to the aircraft noise). 

4.1.5. Conclusion 

As explained in this chapter, a good acoustic classroom has a low background noise and 

reverberation time and consequently high speech indelibility. As per the review of the extant 

literature available, it has been seen that poor acoustic classrooms have significant negative impacts 

on students' health and performance. This negative impact is more on the students with impaired 

hearing who have been allocated to almost 40% of the places in the UK and USA primary schools 

(Shield & Dockrell, 2003a). This is also true for the students whose first language is not English 

and are thus taught in a language that they don't think in (Nelson, 2003, Mayo et ai, 1997). 

Therefore, it is extremely important to provide good acoustic comfort inside classrooms. 
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Different methods are proposed to maintain classrooms' acoustic condition. Internal noise is the 

combination of noises from outside (whether from outside the school or inside) and inside 

classrooms. 

As environmental noise has significant impacts on students' health and academic attainment, it is 

crucial to attenuate the environmental noise by choosing the correct airborne insulation on the 

buildings' envelop and maintaining an indoor background noise of around 35dB (only applicable 

when windows are closed). 

Environmental noise could have an impact on internal noise, only when occupants are occupied 

with quiet activities (under the condition that all the windows are shut) as per studies that were 

carried out by Shield and Dockrell (2004b). In the situation where classrooms rely on opening the 

window for natural ventilation, meeting the 35dB (A) background noise as a recommended 

background level will be critical. According to the new regulation (BB93, 2003), 35dB (A) could 

increase to 40dB (A) under the purge ventilation. 

230 



Chapter 4.2. Acoustic comfort analysis 

• Chapter overview 

This chapter is conducted in two parts. The impact of high level of aircraft noise on classrooms' 

opening status is assessed in Part One and the impact of classrooms' poor layout on opening status 

is assessed in Part Two of this chapter. 

4.2.1. Part One- Analysis of the impact of high level of aircraft noise on opening status 

Overview 

The main aim of this part of the research is to evaluate whether occupants tend to close classrooms' 

windows when they are engaged with different types of activities, in order to provide a better 

acoustic condition inside the classrooms. This part of the study is carried out in the following parts: 

Objective survey: Three types of study are carried out to study the impact of high level of aircraft 

noise on schools located under flight paths in two situations: where the windows are open and 

where the windows are closed. These studies are pilot, random and detailed study. 

Subjective survey: In the subjective survey, teachers' and students' perceptions regarding the high 

level of aircraft noise and their reactions are studied. 

4.2.1.1. Objective survey 

Building Bulletin 93 is a UK guideline written by the Department for Education and Skills for 

acoustic design of schools. In this guideline, the proposed standards for background noise is 

difficult to achieve in naturally ventilated schools as the indoor background noise levels are subject 

to significant levels of external noise (Parkin, 2(05). Thus, additional guidance is provided by 

Building Bulletin 101(2006)to facilitate the use of natural ventilation. The BBIOI is a UK 

guideline which is written by the Department for Education and Skills for ventilation design of 

school buildings. According to this guideline, the indoor ambient noise level should not exceed 35 

dB in classrooms if there is a minimum supply of fresh air equal to or greater than 31/s per person 

provided. The indoor ambient noise level can be increased by 5 dB (reaching to 40 dB) if a 

ventilation rate of higher than 81/s per person is required, for example during overheating on hot 

summer days when it may be necessary to open all the windows. Three types of study are carried 

out as followed to assess the impact of the high level of aircraft noise on schools located under 

flight paths: 

Pilot study: In the pilot study, a comparison is carried out between the monitored aircraft noise and 

occupants' noise levels when windows are open and closed. In order to measure the occupants' 
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noise level the method (i.e. breaking down classroom sessions to different activities) which is 

proposed by Shei ld et al (2004 b) explained earlier is adapted (a). 

Random study: In the random study, the windows ' statues and the indoor activities are randomly 

studied against each other (b). 

Detailed study: The detai led study is carried out into two parts. The fIrst part of the study evaluates 

the impact of aircraft noise on occupants' speech intelligibility and the second part evaluates the 

impact of aircraft noise on occupants' complaint level (c). 

a) Pilot study: 

The pilot study is carried out in Grove Road primary school in the following three steps: 

- Aircraft noise study (al) 

- Activity noise study (a2) 

- The Comparison between noise from student activities and aircraft noise level (a3) 

a1) Aircraft noise study 

The following graph (Graph 4-2. 1) shows the level of aircraft noise recorded in Y4 classroom 

while it was unoccupied and windows were OPEN between 07: 12:43am unti l 07:42:02am on 3rd of 

June 2008. On this day, aircrafts passed over the building at 1 to 2 minute intervals . 
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Graph 4-2.1: Comparison between the levels of aircraft noise inside the classroom 
and the recommended benchmarks of 3S dB when the window is open 
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The following graph (Graph 4-2.2) shows the level of aircraft noise recorded for the same 

classroom while it was unoccupied and windows were CLOSED between 07:51 :11am until 

08:20:30am . 
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Graph 4-2.2: Comparison between the levels of aircraft noise inside the classroom 
and the recommended benchmarks of 35 dB when the window is closed 
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As mentioned earlier, Building Bulletin 93 requires the background noise level to be no more than 

35dB LAeq in unoccupied teaching spaces. 

In order to enable comparison, the results of the previous two graphs (Graph 4-2.1 and Graph 4-

2.2) and the BB93 maxi mum recommended background noise level are combined in the graph 

shown below. The table hows the overlapped results from time 0 to 30 minutes. The horizontal 

axis represents the total duration of 30 minutes for each measurement shown in mm:ss:ms format at 

lOOms intervals. The vertical axis represents the level of ai rcraft noise in dB. 

• The fluctuating red line shows the level of aircraft noise when classroom's window was 

OPE and the horizontal red line shows the average of ai rcraft noise when classroom' s 

window was OPEN. The average is calculated at 56 dB. 

• The fluctuating blue line shows the level of aircraft noise when classroom' s window was 

CLOSED and the horizontal blue line shows the average of aircraft noise when 

classroom's window was CLOSED. The average is calculated at 41 dB . 

• The Green line shows the BB93 standard level of background noise (35 dB). 
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The result of the study shows that, although closing the windows discounted the level of aircraft 

noise by approximatley15 dB, it still did not meet the standard level of 35dB. 
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Graph 4-2.3: Graphs 4-2.1 and 4-2.2 overlapped 

a2) Activity noise study 

Activity noise measurements were carried for four different classrooms in Grove Road primary 

school (i.e. Year 2, 4, 3 & 6) out on the 24th, 25th, 26th &27th of June 2008 respectively. The 

measurements were carried out in a week where no airplanes passed over the building (airplanes 

had changed direction); hence, there was no noise inside the classrooms as a result of aircrafts. For 

the purpose of these measurements, activities were recorded in 6 groups. The table below (Table 4-

2.1) shows the colour coded categories: 

Table 4-2.1: Activities colour coding 

The Grove Road primary school working hours are 9:00 am to 3:30 pm. The table below shows the 

school daily time-table and illustrates the sessions and break times. The highlighted cells show the 

classrooms unoccupied hours. 
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Class- Class 
Playltme 

Class-
lunch 

CIass-
Play tome Class-

time assembly time tome tme 
9'00- 1030- 10'45- 1' 11>- 2'45-

TItne 10'15 1011>-10 30 
1045 12:00 

1200-115 
2 30 230-245 3:30 

OcCllPled Un-Occupoed 
Un-

Occupoed 
tho 

0ccuPed 
Un-

Occupoed 
OccI(Med ~ OcCtll*d 

Duration 0 1.15 0 1.15 01:15 0045 

Table 4-2.2: Classroom time table 

The outcomes of the noise measurements carried out in the school are outlined in the following 

graphs. Each graph illustrates the level of noise recorded during different activities as well as when 

the classrooms were unoccupied. The highlighted parts show the unoccupied durations. 
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Graph 4-2.4: The noise level recorded in Y4 classroom on 25th of June 2008 between 0900- 1530 hours 
when there was no aircraft noise 
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Graph 4-2.5: The noise level recorded in Y3 classroom on 26th of June 2008 between 0900- 1530 hours 
when there was no aircraft noise 
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Graph 4-2.6: The noise level recorded in Y6 classroom on 27th of June 2008 between 0900-1530 hours 
when there was no aircraft noise 

a3) The comparison of noise from students activities and aircraft noise level 

Teachers at Grove Road primary school were interviewed regarding the level of environmental 

comfort in the classroom. The interviews suggest that aircrafts are deemed to be distracting when 

the occupants are engaged with silent activities or while teachers are lecturing. Therefore, 

occupants tend to close windows so as to reduce the level of aircraft noise during these activities. 

In order to study why the aircraft noise is considered as being distracting during silent and lecturing 

activities and not others (i.e. individual and group activities), the level of aircraft noi se is compared 

with the level of noise that is produced by all activities. 

Therefore, the following two sets of noi se measurements are compared with each other: 

] - Aircraft noise measurements in the unoccupied classrooms when windows were open and 

closed. 

2- Activities noise measurements in the occupied classrooms when there is no aircraft noise (i.e. 

records of Year 4, Y3 & Y6 mentioned earlier). 

In order to study the results more precisely, lS-rninute durations of recordings are extracted from 

the graphs above (Graph 4-2.4, Graph 4-2.5 and Graph 4-2.6). 

Activity noise measurement and aircraft noise at Year4 

In this ection, the level of noise produced by each activity on 2SIh of June in Y 4 are compared with 

the aircraft noise level both whi le windows were open and closed. 

Graph 4-2.7 shows the level of noise produced by each activity on 25th of June in Y4. 
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Graph 4-2.7: Records of noise produced by each activity on 25th of June in Y4 

The IS-minutes duration of each type of activity is circled in the graph above (Graph 4-2.7). The 

extracted IS-minutes durations are combined with the IS-minutes duration of aircraft noise level 

monitored while windows were open and closed in Graph 4-2.8. 

Table 4-2.3 shows the duration of each activity during a typical day. In this part of study as 

mentioned above, a IS minutes monitoring of each activity is extracted. As can be seen, the 

duration of each activity is more than 15 minutes, so it is possible to extract the 15 minutes. 

Rle Y4 080625 085556.CM3 

Location Classroom 

Data type Leq 

Weighting A 
Start 25/06108 09:00:00:000 

End 25/06108 15:30:00:000 

Leq ()jration 

specijic Lrrin Lmax Count StdDev L90 currulated 

Source dB dB dB dB dB h:m:s:ms 

M-in-out 71.7 41.8 91.5 24 6.7 58.0 00:33:26:200 

1-TS 65.2 36.4 88.1 24 7.8 48.0 01 :23:13:800 

23-h -SM 71.3 48.7 89.1 2 5.2 61.4 00:29:04:600 

34-G-SM 73.8 36.3 90.2 11 6.8 61 .7 00:56:51 :400 

Un-oc 54.2 28.8 84.6 18 7.4 36.9 02:03:53:600 

O-Silent 55.7 36.8 84.7 1 5.3 43 .3 00:18:21 :800 
-

Table 4-2.3: Details of recorded noise produced by each activity on 25the of June in Y4 
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Graph 4-2.8: Comparing the level of aircraft noise with the level of noise produced by group activities at Y 4 

As seen in graph 4-2.8, the level of aircraft noise (windows open) does not intersect with the level 

of noise produced by group activities. However, they meet up at one point during 'individual 

activity' and at two points when 'one person is speaking', and the graph also shows several 

meeting points (every 1 or 2 minutes) with the level of noise produced by 'silent activities'. In 

other words, the level of aircraft noise is well above the level of noise produced by 'silent 

activities' and partially above 'one person speaking' (lecturing activity). 

On the contrary, when windows are closed, the level of aircraft noise does not show intersections 

with any of the activities. 

238 



Activity noise measurement and aircraft noise at Year 3 

In this part, the level of noise produced by each activity on 26 th of June in Y3 are compared with 

the aircraft noise level, while windows were both open and closed. Graph 4-2.9 shows the level of 

noise produced by each activity on 26th of Jun in Y3. 

80 

7S 

i 70 

e 6S 

~ 60 .. 5S 

! 50 

1! 4.1 
"0 40 C 
b 35 
"> 30 ;: 

< 25 1 I 
20 

8 8 g 8 
8 Si R ~ 
0; Ii eft & 
o 0 0 0 

- M ........ l - UrHlC - Act l .5ilMt - Aa2.1 SpNIc - Acl3. ind - Act 4.Group 

Graph 4-2.9: Records of noise produced by each activity on 26th of June in Y3 

The 15-nllnutes duration of each type of activity is circled in the above diagram. The extracted 15-

minutes durations are combined with the 15-nlinute duration of aircraft noi se level monitored while 

windows were open and closed in Graph 4-2.9. 

Table 4-2.4 shows the cumulative duration of each activity in a day. As mentioned earlier, a 15 

nllnute monitoring of each activity is extracted; however, some activities did not last long enough 

to provide a sum of 15 n1inutes e.g. si lent and group activities. Therefore, the recorded sums of 

3n1in and 1.5n1in are considered for silent and group activities respectively. 

File Y3 080626 085718.CM3 

Location Oassroom -
Data type Leq 
Weighting A 

Start 2610610809:00:00:000 
End 2610610815:30:00:000 

Leq Ou~ 
specffic Lrrin Lmax Count StdDev L90 cumutated 

Source dB dB dB dB dB h:m:s:ms_-=-
M-in-out 76.1 47.0 95.2 22 6.9 61.8 00:29:06:200 
l -TS 66.1 40.9 87.3 19 7.2 SO.5 01 :05:11 :400 
23-h-SM 72.3 46.9 89.0 12 6.3 59.5 00:46:52:600 
34-G-SM 77.4 57.7 86.6 1 4.8 68.9 00:01 :21 :800 
Un-OC 53.7 33.4 84.7 53 6.1 40.3 02:55:23:800 
O-Silent 57.8 44.9 81.0 1 4.5 47.6 00:03:00:000 

Table 4-2.4: Details of recorded noise produced by each activity on 26th of June in Y3 
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Graph 4·2.10: Comparing the level of aircraft noise with the level of noise produced by group activities at Y3 

As seen in Graph 4-2.10, the level of aircraft noise (windows open) does not intersect with the level 

of noise produced by the group activities. However, they meet up at one point during 'individual 

activity' and at two points when 'one person spealdng', and the graph also shows several meeting 

points (every I or 2 minutes) with the level of noise produced by ' silent activities '. In other words, 

the level of aircraft noise is well above the level noise produced by 'silent activities' and partially 

above 'one person spealdng' (lecturing activity). 

On the contrary, when windows are closed, the level of aircraft noise does not show intersections 

with any of the activities. 
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Activity noise measurement and aircraft noise at Year 6 

In this section, the level of noise produced by each activity on 271h of June in Y6 are compared with 

the aircraft noise level while windows were both open and closed. 

Graph 4-2.11 shows the level of noise produced by each activities on 271h of June in Y6. 
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Graph 4-2.11: Records of noise produced by each activity on 27th of June in Y6 

The IS-minutes duration of each type of activity is circled in the above diagram. The extracted 15-

minute durations are combined with the IS-minutes duration of aircraft noise level monitored 

while window were open and closed in the Graph 4-2.11. 

Table 4-2.5 hows the duration of each activity during a day. In this part of study as mentioned, a 

15 minutes monitoring of each activities is extracted. As can be seen, the duration of each activity 

is more than 15 minutes, so it is possible to extract the required 15 minutes. 

File V6 080627 090004.CM3 

location 03ssroom 

Data type leq 
Weighting A 

~-

Start 27/06/0809:00:00:000 

End 27/06/0815:30:00:000 

Leq [)jration 

specnic lrrin lrnax Count StdDev L90 currulated 

Source dB dB dB dB dB h:m:s :rrn 

M-in·out 74.8 44.5 98.3 26 7.6 56.8 00:23:15:200 

1-TS 63.6 35.0 90.2 25 6.6 48.4 01 :07:54:200 

23-I1-SM 58.6 38.9 82.2 23 4.9 48.8 01 :04:15:200 

34-G-SM 73.3 48.1 87.7 5 6.2 60.3 00:06:35:200 

Lkl-OC 57.1 30.5 88.7 77 6.5 42.3 01 :51 :47:000 

O-Silent 59.7 43.8 82.0 7 4.1 51.9 00:11 :12:600 

Table 4-2.5: Details of recorded noise produced by each activity on 27th of June in Y6 
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Graph 4-2.12: Comparing the level of aircraft noise with the level of noise produced by group activities at Y6 

As seen in Graph 4-2.12, the level of aircraft noise (windows open) does not intersect with the level 

of noise produced by group activities, while it shows severa] meeting points (every lor 2 minutes) 

with the level of noise produced by 'silent activities' and 'one person speaking'. In other words, the 

level of aircraft noise is well above the level of noise produced by 'silent activities' and partially 

above 'one person speaking' (lecturing activity). 

On the contrary, when windows are closed, the level of aircraft noise does not show intersections 

with any of the activities. 
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b) Detailed study 

Generally aircraft noise has a negative impact on occupants' speech intelligibility, impairs 

communication, causes annoyances and making them to lose their ability to concentrate. 

The detailed study is carried out into two parts. The first part of the study evaluates the impact of 

aircraft noise on occupants' speech intelligibility, and the second part evaluates the impact of 

aircraft noise on occupants' complaint level. 

bI) Impact of aircraft noise on occupants' speech intelligibility 

The nature of aircraft noise is intermittent rather than steady. Various guidelines are proposed 

regarding the impact of aircraft noise on speech intelligibility which is summarised in Table 4-2.6. 

In these guidelines, different benchmarks are set for the SIL, Lmax, SEL, Leq and LAl of the 

aircraft noise. Furthermore, Shiled and Dockrell (2004a) also took Larnx as a main factor to 

estimate the annoyance level. 

Criteria Benchmarks Proposed by 

SIL 
SIL<45 elBA 

maximum ound level Sharp et a1- 1984 

in the frequency range of 
90% of sentences intelligibility 

500HZ to 20000 HZ 

Lmax Lmax <50 elBA Lind et al-1998 

90% of the words would be 
understood 

SEL SEL< 60 elBA Bradly (n.d.) 

Sound exposure level 95% of intelligibility 

Leq Leq <40dBA ANSIl23 

LA] ,30min LAl<55dBA UKDFES 

Table 4-2.6: Indoor noise level criteria in order to have good speech intelligibility 
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In Tables 4-2.7 and 4-2.8, the level aircraft noises inside classrooms against the criteria set for 

speech intelligibility in two situations (window closed and open) are shown in order to show that 

how acoustic difficulties arise in the schools located under the Heathrow fljght path. 

&hools \\lndom status t----_--~ .... ~ ...... 

Gi'On Road 

Andl"t'wE'm.c .... __ -+ ______ +_ ... _+ ___ -
I Pt;m~I" School 

Table 4-2.7: A study of aircraft noise based on different criteria when windows are open 

and closed in Grove Road and Andrew Ewing Primary schools . 

A Chi-Square Test is carried out between window status and speech intelligibility outcomes. The 

result (n= 60, P < 0.05) hows that window status have a significant impact on occupant ' speech 

intelligibility (Appendix 10.16). 

According to the T Test result, it can be suggested that leaving the windows open almost always 

cau es problems according to all criteria. According to these guidelines, the speech intelligibility is 

improved if windows are cIo ed. The extent of the improvement varies depending on what 

guideline is referred to. 
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As can be seen, the level of speech intelligibility improvement on days 4 and 5 are better than days 

1, 2 and 3 as a result of the windows being closed. This is due to the fact that the data for days 1-3 

are related to Grove Road primary school which is directly located under the flight path and 

airplanes pass directly over the building. This school is located on the 63 dB (A) noise contour. The 

data for days 4-5 are related to the Andrew Ewing primary school which is located slightly away 

from the flight path and is located on the 60 dB(A) noise contour. 

It should be noted that both the level of disturbing noise (e.g. aircraft noise) and the distance 

between speaker and listener have significant impacts on speech intelligibility. BS 8233 

recommends a suitable maximum distance between speaker and listener in order to have good 

speech intelligibility. This distance is set based on the Lmax for a noise which is of a steady nature. 

As the nature of aircraft noise is intermittent, the duration in which the indoor aircraft noise 

exceeds a certain level (e.g background noise level), is as important as Lmax. For this reason, it is 

suggested the LIO and L5 of indoor aircraft noise are calculated instead of Lmax in order to show 

how the acoustic difficulties arise in the schools located under the Heathrow flight path. Based on 

this the 10% and 5% of high levels of aircraft noise are calculated in order to estimate the 

percentage of occasions that communication would fail due to the aircraft noise. 

In every 90 seconds an aircraft passes over the schools which are within a close distance to 

Heathrow airport. The Table 4-2.9 shows the maximum suitable distances between speaker and 

listener based on BS 8233 (which is adapted for L5 and LIO) and the percentage of occasions that 

communications would be failed. For example, if the distance between the speaker and listener (in 

the situation that the window is open) becomes higher than 0.7m. When an aircraft is passing over 

the school building, 4.5 out of 90 seconds of the communication is missed out. In other words, if 

pronouncing each word lasts for 1 second, it can be concluded that nearly five out of 90 words will 

be missed out which causes a negative impact on speech intelligibility. 

Furthermore, if the distance between speaker (with a normal voice) and listener becomes higher 

than 1.32m, then 9 seconds out of 90 is missed out which even creates a more critical situation as 

nine out of 90 words will be missed out. In the situation that the window is closed, the distances are 

increased to 2.7 and 4.7 respectively. 

Maximum distance between Maximum distance between Duration that 
speaker and listener when speaker and listener when communication is 

windows are 'open' windows are 'closed' failed 

0.7 2.7 4.5 out of 90 seconds 

1.3 4.7 9.0 out of 90 seconds 

Table 4-2.8: Maximum distance between speaker and listener when windows are opene and closed and the 
durations of failed communication (speaker uses normal voice) 
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In the condition that the speaker raises his/her voice by up to 5 dBA, the recommended distances 

can be increased as per table 4-2.10. 

Maximum distance between Maximum distance between Duration that 

speaker and listener when speaker and listener when 
communication is failed 

windows are 'open' windows are 'closed' 

1.6 6.0 4.5 out of 90 seconds 

2.4 8.0 9.0 out of 90 seconds 

Table 4-2.9: Maximum distance between speaker and listener when windows are opene and closed and the 
durations of failed communication (speaker with a raised voice) 

As can be seen, the suitable distance between speaker (with normal voice) and listener varies 

between O.7m to l.3m when windows are open. This amount can be increased to 1.6 to 2.3 if the 

speaker raises his or her voice by up to 5 dBA. As it can be seen from the Figures 4-2.1 and 4-2.2, 

the best condition in which good speech intelligibility is provided (while the windows are open and 

aircrafts fly over the school) is when the teacher sits on a chair at the centre, students sit around 

himJher and the teacher raises his/her voice. In this condition, teacher speech intelligibility is 

provided even for the students who sit in the second or third rows. 

As it was observed several times in the classrooms of Grove Road and Andrew Ewing primary 

schools, teachers invited students to sit on the floor and they themselves sat on the chair during 

most of the lecturing activities in order to improve speech intelligibility. 

Figure 4-2.1: A classroom layout and the distance between teacher and students when the teacher sits on the chair and 
students sit around her on the floor (A.Montazarni) - Right. 

(Photo source: Picture courtesy of Evening Gazette, Middleborough) - Left 
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Figure 4-2.2: Classroom layout when students sit on the floor around a teacher (A.Montazami) 

It should be noted that if the teacher wants to stand up or students want to sit at their desks, the 

speech intelligibility will be impaired even further and students will start to miss at least 4.5 

seconds (or more) out of 90 seconds depending on their distance to the teacher as their distance 

exceeds the maximum recommended distance between speaker and listener [Table 4-2.9 (teachers 

with normal voice) and Table 4-2.10 (teachers with raised voice)). In this situation, in order to 

improve speech intelligibility, classroom's windows should be kept clo ed. This confirms that the 

occupants of the school located under the flight paths tend to close the windows most of the time. 

Although closing window tends to improve the peech intelligibility, it reduces the buildings' 

potential for having natural ventilation, as the only means of ventilation in these schools are 

through windows. 

In addition, in the situations when it is necessary to leave the windows open, the distance between 

speaker and listener should be kept as minimum otherwise the listeners start to miss out some parts 

of the communication which has an impact on speech intelligibility. 

b2) Impact of aircraft noise on occupants' annoyance level 

In terms of annoyance level, both BS 4142 and the Guides on Noise from Pubs and Clubs (I.O.A, 

2003) use a criterion which looks at the difference between the specific noise (e.g. disco, aircraft) 

and background noise (e.g. students' activity). If this difference exceeds 10 dB, complains are 

likely. Before doing the subtraction, the specific noise should be corrected. The following 

procedure predicts the complaints level from the aircraft noise if the BS 4142 method is applied. 

For this reason, two types of noise level readings were carried out in six classrooms of two 

naturalJy ventilated primary schools in June and July of 2008 to determine the specific noise and 

background noi e levels. 

1. Specific noise levels (LAeq) were measured in the un-occupied classrooms when windows were 

both open and closed while aircraft noise (i.e. specific noise) wa pre ent (i.e. aircraft was passing 

over the building) and absent for, 30 minutes. 
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2. Background noise levels (LA90) were measu red in the classrooms when they were occupied, 

and the specific noise (aircraft) was absent, while children were occupied with different activities 

(i.e. si lent, one person speaking, individual activity and group activity). Note: The noises from 

children's activity are the background noise when the specific noise (i .e. aircraft) is absent. 

The likelihood that occupants complain from the high level of aircraft noi e inside classrooms are 

calculated for each classroom when windows are both open and closed and occupants are occupied 

with different activities. If the complaint indicator level, which is the difference between 

background noi e level and rating level (i.e. adjusted aircraft noise level), is around (or more than) 

+ lOdB then complaints are likely and if it is around +5dB & -lODB the complaints are marginally 

significant and unlikely, respectively. This calcul ation is explained in detai l on the following pages. 

The calculation of occupants' complaint level 

The calculation of occupants' complaints level i carried out in the following five teps: 

• Step 1: IS to 30 mi nute noise level readi ngs were carried out inside two unoccupied cia rooms 

from two different primary schools for 7 days, when the windows were open and closed, while 

aircraft noise (i.e. specific noise) was present (i .e. aircraft passing over the bui lcling) . The 

measurement were carried out during the chool hours when all the students and teachers from all 

the classrooms had left to the assembly hall. 

The following table (Table 4-2. 11 ) represents the average noi e level inside the classrooms (LAeq) 

on variou days in two situations (i.e. wi ndow open and closed) when the pecific noise (i.e. 

aircraft) was present. 

Specific noise O.e.alrcratt noise) Present 

Eac:tl Eac:tl Tolll TIIIII 
School Duration Cla_oom Date Open ao. 

Sc:tlool Sc:tIooI Averlge Average 
Averlge Average 

Open ao. 
Open ao. 

08:08 - 08:38 Y4 02.July.2008 LAeq(3Omlnl=53 dB 
08:25 - 08:55 Y4 02.July.2008 LAeq(3Omln)=44 dB 

Grove Road 
07:13 - 07:43 Y4 03.July.2008 LAeq(3Omln)=56 dB 

55dB 43dB 07:52 - 08:22 Y4 03.July.2008 LAeq(3Omln)=41 dB 
07:22 - 07:52 Y4 04.July.2008 LAeq(3Omln)=55 dB 

08:00 - 08:30 Y4 04.July.2008 LAeq{3Omin)=44 dB 54dB 41 dB 

07:43 - 08:13 Y4 08.July.2008 LAeq(3Omln)=36 dB 

Andrew Ewing 
08:12 - 08:42 Y4 07.July.2008 LAeq{3Omln)=53 dB 

52dB 3BdB 09:15 - 09:45 Y4 07.July.2008 LAeq(3Omln)=51 dB 

15:51-16:21 Y6 14.July.2008 LAeq(30mln)=41 dB 

Table 4-2.10: Noise level when the windows were open and clo ed whi le aircraft noise (i.e. specific noise) was present 

The result of 10 readings are ummarised in the above table. As can be seen, the average noise 

level in ide the cla rooms was 54dB when window were opened and 41 dB when they were 

closed while aircraft ,wise (i.e. specific noise) was present. 
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• Step 2: 20 to 30 minutes noise level readings were carried out inside two unoccupied classrooms 

from two different primary schools for 3 days, when the windows were open and closed, while 

aircraft noise (i.e. specific noise) was absent (i .e. no aircraft over the building). The measurements 

were carried out during the school hours when all the students and teachers from all the classrooms 

had left to the assembly hall. 

The following table (Table 4-2.11) represents the average noise level inside the un-occupied 

classroom (LAeq) in two situations (i.e. windows open and closed) on various days when the 

specific noise (i.e. aircraft) was absent. 

Specific noise O.e.alrcraft noise) Absenl 

Each Each 
Tolal Total 

School Duration OaSSl"oom Dale Open Clo. School School Average Average 
Average Average 

Open ClOIB 
Open Cia .. 

Grove Road 
15:46 ·16:06 Y4 01 .July.2008 LAeq(20mln)=4S dB 

45 dB 36 dB 
11:36 ·11 :56 Y2 09.July.2008 LAeg(20mln):38 dB 45dB 37dB 

Andrew Ewing 15:50 ·16:11 Y4 07.July.2008 LAeq(30mln)=37 dB 45 dB 37 dB 

Table 4-2. I I : Noise level when the windows were open and closed whi le aircraft noise (i .e. specific noise) was absent 

The results of the 3 readi ngs are summarised in the above table (4-2.11). As can be seen, whi le 

aircraft noise (i.e. specific noise) was absent, the average noise level inside classrooms was, 45dB 

when windows were open, and 37 dB when they were closed. 

• Step 3: The difference between noise level readings when specific noi se (i.e. aircraft) was 

present and absent is calculated in order to select the correction factor from the Table 4-2.12. 

The correction factor should be subtracted from the noise reading when specific noise is present. 

Corrections to noise level readings 

Difference bet""en noise le>el Correction to be sub; tracted from 
readngs "ilh specitic noise noise le>el reading "ilh s pecitic 
present and ab;ent noise present 
dB dB 

>9 0 

6 to 9 I 

4 t05 2 

3 3 

<3 SeeBS 4142 

Table 4-2. 12: Correction table 
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The following table (Table 4-2.13) shows the differences between noises level readings while 

specific noise (i.e. aircraft) was present and absent: 

Average noise level reading 
Total Average Total A\erage 

OpeD Close 

Specific noise (i.e.aircraft) p'esent 54 dB 41 dB 
Specfict noise (i.e.aircraft) absent 45 dB 37 dB 
Difference 9 dB 4dB 

Table 4-2.13: Finding the correction factor for noise level reading (aircraft noise level reading) 

As can be seen from the above table, the differences are 9dB and 4 dB for which the correction 

factor of 0 and 2 are applicable re pectively. By applying the correction factors to the average 

noise levels when specific noi se (i.e. aircraft) wa present, the corrected mea ured noise levels are 

54dB and 39db respectively. 

• Step 4: According to BS 4142, the rating levels are calculated by adding 5dB to the specific 

noise level , if one or more of the following feature occur, or is expected to occur for new or 

modified noise sources: 

• The noi e contain a distingui hable, di screte, continuous note (whine, hi , creech, hum, etc.) 

• The noi e contains distinct impulses (bangs, click , clatters, or thumps) 

• The noise i irregular enough to attract attention. 

In this tudy the rating level is calculated by adding 5dB to the specific noi e level as the aircraft 

noise contains distingui hable note. So the rating levels are as follows: 

I . I Winmw.Open IWlndow.aose l 
Rating level 59 44 

Table 4-2. 14: Rating level 

• Step 5: In thi step, the rating levels are compared with the background noi e levels inside 

cla room. 

ote: the background noise level inside the clas rooms are calculated when different activities are 

happening in ide the classroom and aircraft noise is absent. 

According to BB4142:1997, the likelihood of complaint (i.e. from the high level of aircraft noise) 

is calculated by subtracting the measured background noi e level from the rating level. 

The greater this difference , the greater the likelihood of complaints. 
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• A difference of around + 10dB or more indicates that complaints are likely. 

• A difference of around +5dB is of marginal significance 

• A difference of around -lOdB or less indicates that complaints are unlikely. 

Table 4-2.15 shows the background noise levels as a result of various activity inside the classroom. 

Schools Classrooms 
Background noise level· LA90 

Activity 1-5i1ent Activity 2·1 Peson Speak Activity 3- Individual Activity 4. Group 
Class1 49 48 50 58 

SchooLl Class2 43 48 61 62 
Class3 48 51 60 69 
Class4 52 48 49 60 

School.2 
Classl 46 44 59 61 
Class2 47 45 56 49 

Table 4-2.15: Background noise levels when different activities are happenjng in djfferent classrooms 

The following tables (Tables 4-2. 16 and 4-2.17) show the complaint indicator level and the 

likelihood complaint inside 8 classrooms of two different primary schools when different activities 

are happening inside the classrooms when windows are open and closed. 

Activity Activity 1·Silent Activity 2·1 Peson Speak 

Window Open Clo. Open Clo. 

Complain Complain Complain 
Compla in 

Assessment Complain Complain Complain Indicator Complain 
Indicator level indicator level indicator level 

level 
SchI1 .Class.l 10 Likely ·5 Unlikely 11 Likely -4 Unlikely 
SchI1 .Class.2 16 Likely 1 Unlikely 11 Lik~ -4 Unlik~ 
SchI1.Class.3 11 Li~ -4 Unlikelr 9 likelY -7 UnlikeLr 
SchI1 .Class.4 7 Marginal ·8 Unlikely 11 Likely -4 Unlikely 
SchI2.Class.l 13 Likely ·2 Unlikely 15 Likely 0 Unlik~ 
SchI2.Class.2 12 Li~ -3 Unlikely 14 Likely ·1 Unlikely 

Table 4-2.16: Complaint level from ajrcraft noise when 'Activity1: Silent' & 'Activity 2: one person speakjng' are 
occurring inside the classrooms 

Activity Activity 3- Individual Activity 4. Group 

Window Open eto. Open eto. 

Complain Complain Complain 
Compla in 

AS99S9111ent Complain Complain Complain Indicator Complain 
indicator level Indicator level Indicator level 

level 
Schll.Class.1 9 Li~ ·6 Unlike![ 1 Unlikel..L ·14 Unlikely 
SchI1 .Class.2 ·2 Unlikely ·17 Unlikely ·3 Unlikely ·18 Unlikely 

Schll.Class.3 ·1 Unlikely ·16 Unlikely -10 Unlikely -25 Unlikely 

Schll.Class.4 10 Ukely -5 Unlikely -1 Unlikely ·16 Unlikely 
SchI2.Class.1 0 Unlikely ·15 Unlikel..L ·2 Unlikely ·17 Unlike![ 
Schl2.Class.2 3 Unlikely ·12 Unlikely 10 Ukety ·5 Unlikely 

Table 4-2.17: Complrunt level from ajrcraft noise when 'Activity 3: individual' & 'Activity 4: Group' are occurring 
inside the classrooms 
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As can be seen from Table 4-2.16, in both schools and in all the classrooms, the complaints are 

likely when windows are 'open' and occupants are engaged in 'Activity 1: Silent' & 'Activity 2: 

One person speaking'. However, under similar conditions, the complaints are unlikely if the 

windows are closed. As can be seen from Table 4-2.17, in 'Activity 3: Individual' & 'Activity 4: 

Group', the level of complaints are likely in 2 & 1 cases respectively (out of 6) when windows are 

open. 

A regression analysis is carried out between annoyance levels and 'type of activity and window 

status' outcomes. The result (n=48, P<0.05, R =0.461) shows that there is a significant relation 

between them. The relation between annoyance levels and types of activity complies with the 

following equation: 

y = -0.308 Xl + 0.542 X2+ 2.229 

• Y = Annoyance level (Likely = 1, Marginal = 2, Unlikely=3) 

• X I= Activity (Silent = 1, Lecturing=2, Individual=3, Group=4) 

• X2 = Wind status (Open= I, Close = 2) 

(Appendix 10.17) 

Therefore, it can be suggested that the level of complaint from aircraft noise is significant when 

windows are open and occupants are engaged with 'Activityl: Silent' & 'Activity 2: One person 

speaking' and the level of complaint would decrease from likely to unlikely by closing windows. 

The findings confirm the teachers' claim that they close windows during the 'Silent' and 'One 

person speaking' activities. In addition, the results show that complaints are even probable during 

'Activity 3: Individual' & 'Activity 4: Group' when windows are open. 
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Share of each activity inside classrooms 

The following graph (4-2.13) shows the share of each activity inside different classrooms in 

different schools. As can be seen, the 'Activity 2: one person speaking' has the highest share 

between the four different activities which are carried out inside the classroom. 
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Graph 4-2.13: Share of each activity inside djfferent c lassrooms 

In order to test whether Act.2 has the highest share of the occupied hours, a one-way ANOY AS T 

Test is carried out between the percentages of Act.2 with other activities. The result shows that the 

share of Act.2 is significantly higher (n=6, P<O.05) [Appendix 10.18]. 

The following pie-chart (Graph 4-2.14) hows the average duration of each activity in ide 

c1as rooms. As can be seen, the share of activities 'Activity1: Silent' & 'Activity 2: One person 

speaking' are around 55% of all activities. 

. Activityl.silen1 
• Activity2.0oeperson speaking 
• Activity3lndividual 
• Activity.4.Group 

Graph 4·2.14: Average sbare of eacb activity in ide all the classrooms 
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Hence, it can be suggested that there is a high possibility that classrooms located under the flight 

paths keep their windows shut for more than half of their duration due to the aircraft noise, and this 

consequently leads to the lack of ventilation. 

c) Random study 

In the previous section, it was concluded that aircraft noise could be distracting during silent 

activities and teaching times. Consequently, teachers and students are inclined to close windows 

when an aircraft is passing over during such activities. This is a proof as to why teachers believe 

that classroom windows should be closed during silent activities and lecturing. 

A random survey was carried on Tuesday the l SI of July at 14:05 to assess the accuracy of the 

above in practice. Within the survey, the status of windows (i.e. open or closed) and the type of 

activities for all of the classrooms (YI-Y6) were recorded, while they were being affected by 

aircraft noise (Table 4-2.19). 

Classrooms Window situation Activities 

Yl Close Quiet 

Y2 Open Noisy 

Y3 Open Noisy 

Y4 Open Noisy 

YS Close Empty 

Y6 Close Quiet 

Table 4-2.18: Window status VS the level of noise in different classrooms 

In thi s study, the 'quiet activities' mainly refers to the 'Activity I: Silent' and 'Activity 2: one 

person speaking' and the 'noisy activities' mainly refers to the 'Activity 3: individual' & 'Activity 

4: Group'. As can be seen from Table 4-2. 19, only the windows of the classrooms with noisy 

activities stayed 'open' in contrast to those with quiet activities which were 'closed'. 
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4.2.1.2. Subjective survey: 

a) Teachers' subjective survey: 

The aim of this section of the study is to confirm the probability of closing windows due to the high 

level of aircraft noise according to teachers' perception. In the questionnaires, teachers were 

requested to rate the ventilation control and aircraft noise levels from one to seven. The regression 

analysis of perceived ventilation control level and aircraft noi se confIrmed that there is a small but 

significant negative relationship between ventilation control level and aircraft noise level (P<O.05, 

r=O.270) [Appendix 10.19]. Graph 4-2.15 shows the relationship between teachers ' perceptions on 

the level of aircraft noi se and ventilation control. 

The only available ventilation system in the classrooms which are studied is window, as they are all 

naturally ventilated buHdings. Although occupants of the buildings located under the flight path 

physically had the ability to open and close windows, however because of aircraft noise, there were 

some limitations to maintaining access to natural ventilation. Therefore, it could be concluded that 

ventilation in these classrooms are not fuUy controlled which causes the buildings to the lack 

sufficient ventilation due to the high level of air craft noise. 
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Grapb 4-2.15: Ventilation control level vs. Aircraft noise in different school 

As a result, it is subjectively proven that the occupants of the classrooms which are located under 

the flight path tend to close windows more than the ones located in the quiet regions. The 

subjective results also confirmed the results of objective study. 

The followings are extracted from the teachers ' questionnaires (from the comment section) that 

show that they clo e windows as a result of the high level of aircraft noise: 
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• 'Our main noise issue is aircraft noise because we are under the flight path of 

planes landing at Heathrow Airport. Our noise insulation is good, so lessons inside 

are not badly affected but this means doors and windows must be closed so the 

ventilation is poor. Classrooms are hot and stuffy in summer.' (Grove Road) 

• 'At times, we stop until the plane has passed or we have to close windows to work 

and that makes it quiet stuffy to work in'. (Grove Road) 

• 'I need to open doors and windows for fresh, cool air. However this means an 

increase in aircraft noise, which disturbs lessons.' (Cranford) 

• 'Doors need to be open in summer due to the heat and then noise from outside 

(games lesson and mainly planes) makes it very difficult to hear or to be heard.' 

(Cranford) 

• 'Over flying plane mean pauses in giving instruction, hearing, answering, during 

independent work it's not a problem.' (Cranford) 

• 'I always confuse between opening and closing windows due to some students 

cannot cope with high level of aircraft noise and some students cannot cope with 

overheating and stuffy situation.' (Andrew Ewing) 

• 'Cooling system will support comfortable conditions for learning in the 

classroom.' (Norwood Green). 

From the above extracts and according to the teachers' questionnaires and interviews, it can be 

concluded that due to the high level of background noise, windows of the schools located under the 

flight paths are closed for a longer duration than the ones located in quiet regions. 
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b) Students' subjective survey: 

The aim of this part is to show the probability of closing windows due to the high level of aircraft 

noise according to the students' perception. In order to investigate the students' perception 

regarding the high level of aircraft noise and probability of lack of ventilation, this study is carried 

out in three parts as follows: 

• Part 1: Rate of students' concentration vs. aircraft noise are studied for two different age rages, 

when they are occupied with quiet activities: 

o 7 to 9 years old who attend Year 1 to 3 

o 10 to 12 years old who attend Year 4 to 6 
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Graph 4-2.16: Percentage of students with the loss of ability to concentrate 

while affected by aircraft noise (YI. Y2&Y3) 
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Graph 4-2.17: Percentage of students with the loss of ability to concentrate 

while affected by aircraft noise (Y4. Y5&Y6) 
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The Graphs 4-2.16 and 4-2.17 show the students loss of ability to concentrate due to the high level 

of aircraft noise for two different age range groups. As can be seen, in the age range of 7 to 9 years, 

a considerable percentage of students found it difficult to concentrate when they were occupied 

with quiet activities. In the age range of 10 to 12 years, the responses varied considerably and 

covered all ranges, but in each classroom there were a considerable number of students who 

responded that their ability to concentrate were not good when they were occupied with quiet 

activities and an airplane passed over the building. 

Overall, it can be concluded that in each classroom there were a considerable number of students 

who lost their ability to concentrate when they were occupied with quiet activities and airplanes 

passed over the building. From this survey, it can be suggested the lower age range students have a 

higher risk to lose their concentration due to the high level of aircraft noise in comparison with the 

students from the higher age range. 

• Part 2: This part of the study concerns the number of students who believed that they were used 

to and would not show any reactions to the high level of aircraft noise. 

According to interviews carried out with Year 4 to Year 6 students, some of them believed that 

they were used to the aircraft noise. The following table shows the percentage of people in each 

classroom who believed that they were used to aircraft noise, and consequently would not show 

any reactions towards the high levels of background noises. 
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Graph 4-2.18: Percentage of students' adaptability towards the high level of background noise 

As can be seen from the above graph (Graph 4-2.18), only a minority of the students believed that 

they were used to and not affected by the aircraft noise. However, the majority said otherwise and 
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they are the ones who may show reaction towards the high level of background noise and ask the 

teacher to close the windows. 

• Part 3: The number of students who showed reaction to the high level aircraft noise and asked 

the teacher to close the window is studied in this section. 
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Graph 4-2.19: Percentage of students who requested window closure in 

reaction towards high level of background noises 

The above graph (Graph 4-2.19) shows the percentage of students in each classroom who were not 

used to the noise and asked the teachers to close the windows. As can be seen, over 50% of the 

students in each classroom asked the teachers to close the windows when they were annoyed by 

aircraft noise. This would consequently decrease the level of ventilation. 

4.2.1.3. Conclusion 

In this part of study, it is objectively & subjectively proven, that one of the main reasons for closing 

window in the schools located within a close distance to Heathrow airport is the high level of 

aircraft noise. 
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4.2.2. Part Two: Analysis of the impact poor layout on opening status 

Overview 

The aim of this part is to show that aircraft noise is not the only source of distracting noises for 

students and teachers. Noise from other classrooms and communal halls may also be considered as 

distracting. This is usually caused due to the schools' poor layout. Poor layout of a school not only 

may result in low acoustic comfort but also may have a negative impact on the ventilation rate in 

naturally ventilated schools. This is the subject of discussion in this section. 

4.2.2.1. Poor layout in Grove Road and Andrew Ewing Primary schools 

The map review of Grove Road and Andrew Ewing primary schools show that in each school there 

is a communal hall (in which IT activities take place) located on the internal side of the classrooms. 

According to the interview with the teachers, the internal doors stayed closed while there were 

noisy activities taking place in the communal hall, or in other classrooms with their doors left open. 

It should be noted that noise from other classrooms in this study not only refers to the noise that 

travels from shared walls between two classrooms but also to the noise which travels from other 

classrooms to the communal hall and from the communal hall to the classroom. If there is a 

possibility to leave the internal door open, the classroom will have a chance to provide fresh air 

from the communal hall. In addition, classrooms could have the benefit of cross ventilation as there 

is an opening on the roof of the communal hall in both schools. 

Figure 4-2.3: Plan. communal hall and fa,.ade view in Grove Road Primary School 
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Figure 4-2.4: Plans and communal hall and fa~ade views in Andrew Ewing Primary School 

(Top-left: ground floor plan). (Bottom-Left -first floor plan) 

In order to study how the poor layout causes lack of ventilation in Grove Road primary school, this 

study is objectively & subjectively carried out. 
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a) Objective survey in Grove Road primary school 

To find out that how the noises heard from the communal hall is distracting, the level of 

background noise was measured in Y2 on 9th July 2008 when the classroom was un-occupied and 

the window was closed. The background noise measurements was carried out in two situations, i.e. 

the internal 'door' was OPEN and CLOSED, in order to find out that how closing the door would 

decrease the distracting noises. 

Background noise level inside the classroom when door was closed 

The noise from the adjacent classrooms not only transferred through the walls but also from the 

communal hall due to the layout of Grove Road primary school. 

The communal hall is used for IT activities, and therefore it could be a source of distracting noise 

for all of the classroom . Consequently, the teachers and students tend to keep the classrooms doors 

closed wlUle they are occupied with silent and lecturing activities (based on the author observation 

and communication with teachers). 

The noise measurement carried out in Y2 classroom (when it was un-occupied) during the session 

one (the classrooms are run over four sessions on each day) of other classrooms. As can be seen in 

the table below (Table 4-2.19), while the internal door was CLOSED the level of background noise 

was recorded at 37.9 (dB) wlUch roughly meets the recommended background noise level inside a 

classroom [35 (dB»). 

Periods 5m 

start O!ll'O710809:.25:00:000 

End 09t'0710810:15:00:000 

Location CIa&&roam 

Weighting A 

Data type Leq 

Un~ dB 

Period s1IIrt L90 

09'()710809:25:00:000 35.1 

09'()710809:30,:00:000 37.6 

09'()710809:35:00:000 37.7 

09'()710809:40:00:000 35.4 

09.0710809:45:00:000 39.1 

09.0710809:50:00:000 39.8 

09'()710809:55:00:000 41 .6 

09'()7/0810:00:00:000 41 .6 

09.07108 10:05:00:000 41 .9 

09'()7108 10:10:00:000 36.1 

OvelllU 379 

Table 4-2.19: Noise level from adjacent classrooms transferred in to year 2 when door was closed 
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Background noise level inside the classroom when door was open 

The noise measurement was carned out in Y2 classroom (when it was un-occupied) during the 

session two and three of other classrooms. As can be seen in the table below (Table 4-2.21), the 

levels of background noise during sessions two and three, whlle the internal door was OPEN, were 

recorded at 42.4 dB and 40.8dB respectively. 

ltiixls 5m 

Start O90710813:1~OOOOO 

&d 0907/0814:3000000 

l.ocabCII , Cllssrocrn - !1m 

Weilhlilg II !lion CIIo07IG1 14 :~00~ 

Dltatwe lei! Em CIIo07J<III!l:2!lcoo~ 

li1iI cIS 

ItiDd 511ft l!iO 

la:&1iII ~ 

~ II 
Ddotp l.oq 

0!II07.oa 13:1~:00000 4 17 l.kt dB 

09I07.oa 1321:00000 38.7 --- L!IO 

0!II07.oa 1325:00000 41] ClQCI1I<1114:45o:1j)CJO 4U 

0!II07.oa 1330:00000 4 1.7 ClQCI1I<11 .!lDIICI_ 41.1 

0!II07.oa 13:35:00000 4 1.4 
ClQCI1I<11 55o:1DOl1 4H 
ClQCI1I<11 ·000:lj)CJO 38.' 

0!II07.oa 13:<40:00000 40.9 ClQCI141 05_ 405 
09I07.oa 13:45:00000 4 1.9 ClQCI1.QI :10DOllCCI 40.6 

O!I.01.oa 3!O:00000 4111 ClQCI1il11 • ~o:Ij)CJO 40.5 

09I07.oa 13:M:00000 413 ClQCI1>l11I5:20o:Ij)CJO 41.7 

O!II01.oa 1400:00000 46.9 1"- "". 
0!II07.oa 4~:00000 413 

09I07.oa 14: 0:00000 41D 

0!II07.oa 1 4:1~:00000 41. 

09I07.oa 1421:00000 48.7 

09I07.oa 1425:00000 493 
o_11 4Z4 

Table 4-2.20: Noise level from adjacent classrooms transferred in to year 2 when door was open 

As it has been mentioned earlier, the standard level of background noise is 35dB. The result of the 

above survey shows that the level of background noise at Y2 was hlgher than the standard 

background noise when the door was OPEN. 

As a result, occupants may close the internal door to reduce the background noise from 42.8 dB & 

40.8 dB to 35 dB, therefore it can be said that the school's interior noise could be another cause of 

discomfort leading to closing internal doors in the classrooms of Grove Road primary school as a 

result of its layout. 
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b) Subjective survey in Grove Road and Andrew Ewing primary schools 

The subjective study in Grove Road and Andrew Ewing primary schools are carried out in two 

separate parts. The first part is allocated to the students of Year 4 to Year 6 and the second part is 

allocated to the students of Year 1 to Year 3. As mentioned earlier, noise from other classrooms in 

this study not only refers to the noise that travels from the shared walls between two classrooms but 

also to the noise travelling from other classrooms to the communal hall, and then to a classroom. 

For the purpose of this study, the sources of noise are divided into: noises from school, and noises 

from aircrafts. 

SUbjective survey in Year 4 to Year 6 : 

In order to assess how often the noi e from aircrafts, hall and other classrooms di tracts students, 

questionnaires were given to the students of Year 4 to Year 6 to rate their frequency of distraction. 

Table 4-2.21 shows the codes of distraction level from different noise sources. 

Table 4-2.21: Codes of distraction level from different noise sources in Year 4 to Year 6 

As can be een, the mean distraction level from school is 2.02. This is 2.2 for aircraft noise. 

Group Sta tis tics 

Noise. Sid , Error 
So 1lrC4'! S N Iv\can Sid , Deviation Mean 

Distraction School Noise 324 2 ,0185 .66279 ,03682 

Aircraft Noise 162 2 .2037 .93343 ,07334 

Table 4-2,22: Mean and variance distraction level from different noise sources in Year 4 to Year 6 

The following graph shows the mean and variance of distraction from the school and aircraft: 

j 

r 
.!I 
o 

- '- Nol ••. Sourc .. 

Graph 4-2.20: Mean and variance it distraction from different noise sources in Year 4 to Year 6 
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An Independent Sample T test is carried out between the results of questionnaires to assess whether 

the noises from aircraft and layout are significantly different from each other. The result shows that 

the distraction levels from aircraft and school noises are not significantly different (p>0.05) 

[Appendix 10.20]. 

Based on this analysis, it is possible to justify that noises from school are as distracting as those of 

aircrafts. This also shows why the teachers claim that they tend to close classroom doors in order to 

prevent distraction. 

Subjective survey in Year 1 to Year 3: 

In addition to evaluating the distraction and concentration levels of students of Year 4 to Year 6, 

the distraction levels of students of Year I to Year 3 are evaluated with a simpler questionnaire. 

Table 4-2.24 shows the coding of distraction when noise is coming from different sources. 

Table 4-2.23: Codes of distraction level from different noise sources in Year 1 to ear 3 

As can be seen, the mean distraction level from aircraft noise (1.33) is higher than the mean 

distraction level from school noises (1.26). 

Group Statistics 

Std . Error 
Noise.So~s N tvban Sid . DclAal on Moan 

Distraction Schools ' Noisc 133 1,2632 .44201 .03833 

Aircrafts' Noise 106 1,3302 .47252 ,04589 

Table 4-2,24: Mean and variance distraction level from different noise sources in Year I to Year 3 

The following graph shows the mean and variance of distraction from aircrafts and schools. 

Noll • . Source. 

Graph 4-2,21: Mean and variance of distraction level from different noise sources in Year 4 to Year 6 
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An Independent Sample T test is carried out between the results of questionnaires to assess whether 

the noises from aircraft and layouts are significantly different from each other. The result shows 

that the distraction levels from aircraft and school noises are not significantly different (P > 0.05) 

[Appendix 10.20]. 

Based on this analysis, it is possible to justify that noises from school are as distracting as those of 

aircrafts. This also shows why the teachers' claim they tend to close classroom doors in order to 

prevent distraction. 

c) Conclusion 

From the above discussion, it can be concluded that on an average, the noises from inside an school 

are as distracting as aircraft noise. This is the noise from activities that occur in communal halls 

(e.g. IT activity) or other classrooms (when occupied with noisy activities and their doors are open) 

which transfer noise to the communal hall (due to poor layout). For this reason, teachers at Grove 

Road and Andrew Ewing primary schools prefer to keep the classrooms' doors shut to maintain a 

suitable background noise level for their classrooms when it is needed. As a consequence, 

classrooms lose their ability to have stack ventilation through the large opening on the roof of the 

communal hall of Grove Road primary school, and various openings on the roof in Andrew Ewing 

primary school. Therefore, it can be concluded that not only environmental noises such as aircraft 

noise cause lack of ventilation inside a classroom, but poor layout could also be a source of lack of 

ventilation. 
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Chapter 5: Air quality 
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Chapter 5.1: Air quality literature review 

Chapter overview 

As mentioned in chapter Three, apart from maintaining thermal comfort natural. ventilation plays a 

role in maintaining indoor air quality. The ventilation rate which is required for providing good 

indoor air quality is lower than that required for thermal comfort purposes. The aim of this part of 

the research is to study the reasons of poor air quality followed by studying a method to evaluate 

indoor air quality. Maintaining indoor air quality in schools' classrooms is extremely important as 

poor air quality has a negative impact on students' health and performance. Different guidelines are 

presented in this regard which are compared in this chapter. Different factors (i.e. the CO2 which is 

produced by occupants, the existing CO2 in the air and also room volume) which have impacts on 

ventilation rate are discussed. As mentioned earlier in chapter 3, there are different barriers to 

utilising natural ventilation which consequently cause poor air quality. The negative impact of poor 

air quality on students' performance and health are explained in detail in this chapter. 

5.1.1. Air quality principles 

The main requirement for having a good air quality is to have a sufficient ventilation rate to remove 

pollutants. Measuring indoor CO2 level is one of the methods to estimate the ventilation rate in a 

space, which is explained later in this chapter. 

The concern for the poor air quality issue became greater after the oil crisis in the 1970s and the 

report of sick building syndrome. The sick building syndrome was the result of buildings which 

were being built more air-tight than before which led to the reduction of fresh air flow and also the 

utilisation of the air conditioning systems (Bougdah and Sharples. 2010). 

'Sick Building Syndrome' is a term that describes symptoms in a majority of the people. who work 

in buildings with an adverse indoor environment. The symptoms can be irritation of the eyes, 

blocked nose and throat, headache, dizziness etc. These symptoms are usually work related. that is, 

they begin a short time after a person enters a building and disappear after he leaves it (Rostron. 

1997). 

As people spend 90% of their time indoor, so studying the air quality is highly valuable. For this 

reason, the world concern has transferred from environment to a new terminology which is 

'Invironment'. This new terminology focuses on Indoor Air Quality (IAQ) and its effect on human 

health. Indoor air pollutants are a combination of the indoor pollutants (produced by the occupants 

etc.) and outdoor pollutants which are the air contaminants (Pahwa D., n.d.). 

The air contaminants are categorised into three groups: 

• Gases and vapour such as CO2, Carbon monoxide. Nitrogen dioxide, VOCs and Butyric Acid 
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• Inert Particles 

• Micro organism such as Fungus, Bacteria-virus and Mold 

5.1.2. Air quality evaluation 

In order to evaluate indoor air in a space the type of pollutants which are present in that space as 

well as their level should be identified. Monitors are available to measure particulates and a few 

gases such as radon, formaldehyde, nitrogen dioxide, sulphur dioxide and carbon monoxide. Since 

working with such monitors can be complicated, costly and time consuming, ASHRAE (2001) 

recognises CO2 as the simplest variable that can be measured to determine the ventilation rate and 

evaluate indoor air quality. In the other words, CO2 level can be used as a surrogate index for 

ventilation rate. 

5.1.3. Air quality guidelines 

As mentioned earlier in Chapter Two of this research, poor air quality has a negative impact on 

children's health and academic performance. Several guidelines are proposed by different 

organisations in order to maintain indoor air quality at schools. Guidelines generally, propose 

thresholds for either CO2 level or ventilation rate in order to control air quality. 

Some of these guidelines are more relaxed compared to the others. The guideline, which is 

currently used for refurbishment and redesign of schools, is proposed by Building Bulletin 101. As 

per the discussion in Chapter Two of this research, it has been found that this guideline is the most 

relaxed guideline and in the author's belief should be revised. 

5.1.4. Ventilation rate 

The ventilation rate in a space is calculated from the CO2 which exists in its indoor air space. In 

naturally ventilated buildings, the CO2 produced by occupants in a space, are removed by the 

outdoor air (fresh air) which enters the building by different means of natural ventilation. It should 

be considered that outdoor air quality may not be fresh. Therefore, replacing indoor air with air 

from outdoors may not always be a suitable solution. In a situation where outdoor air is fresh, the 

required ventilation rate generally depends on three main factors. These are internal C~ level 

which is produced by occupants, the outdoor CO2 level (existing in the atmosphere) and room 

volume. 

5.1.5. COl level which is produced by occupants: 

The amount of CO2 produced by an occupant is related to the occupant's respiration rate. Each 

occupant 'breathes in' a distinctive amount of air and 'breathes out' a percentage of the air inhaled 
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as CO2• The number of breathes inhaled in out in a minute depends on the occupant's activity 

(measured by metabolic rate), age, sex and also room temperature. 

Metabolism refers to the amount of energy which is released in a human body as a result of the 

occupant's muscular activity by oxidation processes. Metabolism is measured in Met. Each Met is 

equal to 58 W/m2 of body surface (ISO 7730, 2005). Figure 5-1.1 and Table 5-1.1 show the 

approximate rate of metabolism for clifferent activities. In order to evaluate the metabolic rate, the 

average of the person's activity during the last hour (of the activity) is considered. 

Typical Metabolic rate for various Activities 
Difterent Iype of acli~lIes w/m2 

Reiling 

Sleeping 40 

Reclining 45 
Seated,quiel 60 
Standing, relaxed 70 

WIlking (on the level) 

0.89 mls 115 
1.34m1s 150 

1.79m1s 220 

OffIce ActlvlUe. 

Reading , seated 55 
Writing 60 
Typing 65 

Filing,seated 70 

Filing,standing 80 

Walking about 100 
Lifting/packing uo 

Table 5-1.1: Typical metabolic rates for various 

activities extracted from ASHRAE (2001) 

Figure 5-1.1: Typical metaboljsm for different 

activities extracted from Jumasenseinc website 

A higher metabolism rate causes a higher level of inhale/exhale rate. This consequently leads to a 

higher level CO2 being produced which has a negative impact on air quality in a space that does not 

have adequate ventilation. 

5.1.6. CO2 level which exists in the outside air 

The amount of CO2 which is produced by occupants in a space is removed by the air which enters 

from the outside to the inside. It is not possible to decrease the internal CO2 level to zero as the 

outside air (atmosphere) itself contains CO2• The CO2 concentration was 280 ppm before industrial 

periods and increased to 387 ppm in 2009 and then to 390 ppm in 2010 which is considered to be 

the highest level in comparison with the previous 800 thousand years (Amos, 2006). Industrial 

emissions (e.g. from fossi l fuel consumption) could be named as the main reason for this increase. 

The main sources of CO2 emissions are from burning coal utilised to generate electricity and 

petroleum utilised for transportation. 
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5.1.7. Room volume 

Ventilation rate is the rate of air which is exchanged from inside to the outside. The amount of air 

which enters to the space is related to the room's volume. 

S.l.S. Ventilation rate formula 

There are two methods for estimating the ventilation rate: Formula and Plotting methods. 

a) Formula method: 

The formula method is based on the following formula. This method is applicable when the tracer 

gas is CO2 and the amount of CO2 which is produced by occupants (G) are available based on their 

activities. This method is proposed by Coley and Beisteiner (2000). 

V (d C(tlldt) = G + QCex-QC(t) 

Solving the above equation by integration leads to the following equation: 

C(t) " Cex + (G/Q)+ [Cin-Cex- (G/Q)] " [e" «-QN) 0] 

C(t) = internal concentration of the tracer gas at the time t (ppm) 

Cex .. external concentration of the tracer gas (ppm) 

G" generation rate of tracer gas in the space (Cml/s) 

Q" internal-external exchange rate (ml/s) 

Cin= initial concentration of the tracer gas (ppm) 

V= room volume (ml/s) 

QN= air supply rate (aels) 

t = time (s) 

b) Plotting method: 

The plotting method which is used in this study to estimate the classrooms' ventilation rate is 

explained in the analysis part of this chapter. This method is based on the recorded CO2 level. The 

recorded CO2 is the difference between the CO2 generated by the occupants and the amount of C~ 

which is removed by ventilation or infiltration. 

5.1.9. Conclusion 

Maintaining indoor air quality in school classrooms is very important as poor air quality has a 

negative impact on student's health and academic performance (explained in Chapter Two). The 

main requirement of good air quality is to have a sufficient ventilation rate. To achieve the required 
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ventilation rate, the building's site should be free from any ventilation barriers such as noise, air 

pollution, etc, and the building itself, should have the potential to use natural ventilation (explained 

in Chapter Three). There are various guidelines in place in order to maintain indoor air quality in 

various buildings and specially schools' classrooms. As discussed in Chapter Two, the main 

guideline which is commonly used for refurbishment and re-design of schools (Le. BB101) is the 

most relaxed one, and therefore should be revised. 
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Chapter 5.2: Air quality analysis 

Chapter Overview 

The aim of this part of the research is to evaluate whether schools which are located in noisy 

regions have a higher likelihood of experiencing poor air quality, as they may have a lower 

potential for having natural ventilation due the high level of background noise. To obtain a clearer 

understanding, this study is carried objectively and subjectively. 

5.2.1. Objective analysis 

The objective study is carried in the following steps: 

-Collecting data 

-Study the reasons for CO2 fluctuation 

-Study the windows closure 

-Air quality guidelines per defined in BB 101 & BSRIA 

-Compare the CO2 level inside classrooms with the benchmarks defined in BBlOl. 

-Conclusion 

5.2.2. Collecting data 

In order to study the air quality of the classrooms which are located under flight paths, the CO2 

levels of various classrooms of two primary schools were measured at 1 to 2 minute intervals, for 

11 days when they were occupied, and for 13 days when they were unoccupied, using a device 

called Tailer. BAA operates a runway alteration plan to reduce the impact of high level of aircraft 

noise on the residents of the regions around Heathrow Airport. Based on this initiative, one 

runway is used by landing aircrafts from 06:00 until 15:00 after which it is switched to the other 

runway. Departing aircrafts use the alternative run-way. However, on Sunday each week the 

runway used the day before continues to be used for landings. This means early morning arrivals 

use a different runway on successive weeks and the runways used by landing aircrafts before and 

after 15:00 also alternate on a weekly basis. This alteration does not mean that the aircraft noise is 

wholly mitigated, but it can be said that the noise is lowered every other week. The following 

table shows the CO2 and internal noise measurements on the days when students and teachers 

were present in the classrooms (e.g. were not on a day travel). The days are tabulated according to 

the level of aircraft noise. 
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CO2 Activity noise 
Aircarft noise 

Aircarft noise level 
Week Class School Date Day level 

measuremnet measunnnet 
(9:00 - 3:00) 

(3:00 - 3:30) 

Y2 GR 24-Jun-08 Tue x x Low High 

Week.I 
Y4 GR 25-Jun-08 Wed x x Low High 
Y3 GR 26-Jun-08 Thu x x Low High 
Y6 GR 27-Jun-08 Fri x x Low High 

Y4 GR 30-Jun-08 Mon x 0 High Low 
Week.2 Y4 GR OI-Jul-08 Tue x x High Low 

Y4 GR 02-JuI-08 Wed x x High Low 

Y4 AE 07-JuI-08 Mon x x High Low 
Week. 3 Y2 GR IO-Jul-08 Thu x 0 Low High 

Y3 GR II-Jul-08 Fri x 0 Low High 

Week.4 
Y6 AE 14-Jul-08 Mon x x Low High 
Y3 AE J5-JuI-OS Tue x x Low High 

Measurement carried out x 
Measurement not carried out 0 

Table 5-2.1: The CO2 and internal noise measurements 

5.2.3. Study the reasons of C02 fluctuation 

In this section of the study, the reasons of CO2 fluctuation are discussed in order to show how the 

status of openings (doors and windows) and occupancy have an impact on CO2 fluctuation. As it 

obvious from the Graphs 5-2.1, 5-2.2 & 5-2.3 which show the classrooms' CO2 levels, the CO2 

levels fluctuate over time. The CO2 levels mainly increase as a result of occupants' perspiration 

(which is related to the occupants' metabolic rate) and decrease by the ventilation level which is 

provided by openings (windows and doors when open). In the following section, the occupancy 

various classrooms (i.e. occupied! unoccupied) and windows / doors statuses (i.e. open or closed) 

are recorded and overlapped with the CO2 fluctuation graph. 

The relationship of the CO2 level with occupancy, and status of doors & windows (i.e. open & 

closed) are shown in the Graphs 5-2.1, 5-2.2 & 5-2.3 for Y3, Y4 & Y6 classrooms on 25th, 26th & 

27th of June 2008 respectively. In order to have a better understating of how each of the above 

factors has an effect on the level of CO2, the CO2 levels are shown from 1 hour before and 1 hour 

after the schools hours (i.e. 8:00-16:30). 

Table 5-2.2 represents the codes used for the status of occupancy, and positions of the doors and 

windows for each of the classrooms and shown on Graphs 5-2.15, 5-2.16 and 5-2.17. 

OccupIed Un-Occupied 

• • ...-. .......... ~ 
Window Close Window Open 

• • ••••••••••• 1iJJ..-

Door Close Door Open 

III • ....-. ••••••••• -III--

Table 5-2.2: Codes representing the status of occupancy, and positions of doors and windows 
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- CO2 fluctuation at Y 4: The foUowing graph (Graph 5-2.1) shows the fluctuation of CO2 levels 

on Wedne day, 25th of June 2008 in the Y 4 classroom of Grove Road primary school. 
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Graph 5-2.1: CO2 level in relation to the occupancy level and opening status in Year 4 on 25th of June 

CO2 fluctuation at Y3: The following graph (Graph 5-2.2) show the fluctuation of CO2 levels 

on Thursday, 26th of June 2008 in the Y3 classroom of Grove Road primary school. 
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Graph 5·2.2: CO2 level in relation to the occupancy level and opening status in Year 3 on 26th of June 

- CO2 fluctuation at Y6: The following graph (Graph 5-2.3) show the fluctuation of CO2 level 

on Friday, 27th of June 2008 in the Y6 elas room of Grove Road primary school. 
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Graph 5-2.3: CO2 level in relation to the occupancy level and opening status in Year 6 on 27th of June 

As can be observed from the above three graphs (Graph 5-2.1, Graph 5-2.2 and Graph 5-2.3), CO2 

levels increase mainly when the classrooms are occupied and the doors and windows are closed. 

On the contrary, CO2 levels decrease mainly when classrooms are un-occupied and the windows & 

doors are open. Therefore, it can be concluded that the occupancy and status of windows have a 

significant impact on the level of CO2 inside the classrooms. 

5.2.4. Study the window closure 

The main reason of window closure is aircraft noise, disregarding the actual level of noise and can 

be explained under the following the following subjects. 

Nature of the study being taught and aircraft noise (a) 

Classroom's activity type and aircraft noise (b) 

a) Nature of the study being taught and aircraft noise level 

As mentioned earlier, the study is conducted under two scenarios, one when there is a high level of 

aircraft noise (present) and the other when the level of aircraft noise is low (absent). 

This study hows that the presence of aircraft noise in some sessions did not have any impact on 

the status of windows. The classroom, windows were kept closed irrespective of the outside noise 

level conditions e.g. the 1st session of the 25 & 27 of June in Y4 & Y6 (noise absent) or the l SI 

session of the 30th of June in Y6 (noise present). 

Teachers of the Y4 & Y6 classrooms were questioned about this situation. They believed that the 

aircraft noise is still heard inside the classrooms even on the days that aircrafts would have changed 

their direction. As the aircraft noise contains distinct impulses, it is distracting for students when 

they are occupied with activities that need extra concentration such as math, science and literacy. 
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They believed that they preferred to keep the windows shut during such acti vities, even in the 

weeks when aircraft noise was low as the nature of these subjects needed extra concentration. As a 

consequence, the classrooms would experience poor air quality and overheating. 

They also mentioned other environmental noise sources such as cars and lorries as being 

distracting. But since their perception was that these kinds of noises were not as frequent as aircraft 

noise, they are not considered to be as disturbing. 

In addition, noises from cars and lorries which are heard in Grove road and Andrew Ewing primary 

schools is of a low level as these schools are located within a fair distance to the main road. 

b) Classrooms' activity type and aircraft noise level 

As it was mentioned in the noise analysis chapter, the high level of aircraft noise is the main reason 

for window closure in the schools which are located under flight paths. For this reason, the 

windows' status and its impact on the internal CO2 levels are studied in different weeks, with a 

high and low level of aircraft noise, respectively. 

It should be noted that in this part of the study, the sessions allocated to the subjects that need extra 

concentration (e.g. maths) have been excluded. This is due to the fact that windows are closed at all 

the times during these sessions, due the nature of these subjects and also because the aircraft noise 

is distracting irrespective of its noise level (high or low). 

This part of the study is carried out in following parts: 

Windows' status and CO2 fluctuation during 'Activity1: Silent' in the weeks with high and 

low levels of aircraft noise (b I). 

Windows' status and CO2 fluctuation during 'Activity 2: One person speaking' in the 

weeks with high and low levels of aircraft noise (b2). 

Windows' status and CO2 fluctuation during 'Activity 3: individual' in the weeks with high 

and low levels of aircraft noise (b3). 

Windows' status and CO2 fluctuation during 'Activity 4: Group' in the weeks with high 

and low levels of aircraft noise (b4). 

Summary of windows' status and CO2 fluctuation according to the presence of aircraft 

noise (b5). 
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hI) Windows' status and CO2 fluctuations during 'Activityl: Silent' in the weeks with 

high and low levels of aircraft noise 

The following table (Table 5-2.3) shows the windows' status and CO2 fluctuations during 

'Activity l : Silent' in the weeks with high and low levels of aircraft noi e. 

Table 5-2.3: Windows' status and CO2 fluctuations during' Activity I: Silent' 

in the weeks with high and low levels of aircraft noise 
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b2) Windows' status and CO2 fluctuations during' Activity 2: One person speaking' in 

the weeks with high and low levels of aircraft noise 

The following table (Table 5-2.4) shows the windows' status and CO2 fluctuations during 

'Activity 2: One person speaking' in the weeks with /Ugh and low levels of aircraft noise. 

Table 5-2.4: Window status and CO2 fluctuations during' Activity 2: One person speaking' 

in the weeks with high and low level of aircraft noise 
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b3) Windows' status and CO2 fluctuations during 'Activity 3: individual' in the weeks with 

high and low levels of aircraft noise 

The following table (Table 5-2.5) shows the windows' status and CO2 fluctuations during 

'Activity 3: Individual' in the weeks with high and low levels of aircraft noise. 

Date 

Table 5-2.5: Windows status and CO2 nuctuations during 'Activity 3: individual' 

in the weeks with high and low levels of aircraft noise 
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b4) Windows' status and CO2 fluctuations during' Activity 4: Group' in the weeks with 

high and low levels of aircraft noise 

The following table (Table 5-2.6) shows the windows' status and CO2 fluctuation during 

'Activity 3: Group' in the week with high and low levels of aircraft noise. 

Date 

v, 

v, 

room School Date 

v, •• 

Table 5-2.6: Windows' status and CO2 nuctuations during ' Activity 4: Group' 

in the weeks with high and low levels of aircraft noi e 
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bS) Summary of windows' status and CO2 fluctuation according to the presence of 

aircraft noise 

The above tables (Tables 5-2.3, 5-2.4, 5-2.5 and 5-2.6) provide the basis for studying the impact 

of aircraft noise on wi ndows' status . 

• Number of occasions that windows were open and closed in relation to the occupants' 

activity when the aircraft noise was low (absent) 

The following graph (Graph 5-2.4) shows the occasions when windows were open and ai rcraft 

noise was low (absent). As can be seen, the numbers of occasions that the windows were open 

are higher than the occasions when the windows were closed during all activities. 
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Graph 5-2.4: Occasions when windows were open and closed 

when the aircraft noise was low (absent) 

• Number of occasions that windows were open and closed in relation to the occupants' 

activity when aircraft noise was high (present) 

The following graph (Graph 5-2.5) shows the occasions when windows were kept closed and 

aircraft noi e was high (present) . As can be seen, the numbers of occasions that the windows 

were kept closed are signjficantly higher than the occasions when the windows were open 

during 'Activity1 : Silent' and 'Activity 2: One person speaking' . 
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Graph 5-2.5: Occasions when windows were open and closed 

when the aircraft noise was high (present) 

AdIII,J:'" 

282 



The results confirm the previous assumption regarding window closure when aircraft noise is 

high, and occupants are occupied with the 'Activityl: Silent' and 'Activity 2: One person 

speaking'. 

A Chi-Square Test is carried out between the occasions that windows were open and closed in 

relation to the aircraft noise (presentJ absent) and types of activities (silent, 1 person speak, 

individual and group) [Appendix 10.21]. The result shows that the presence of aircraft noise has a 

significant impact on the status of windows (n=33 P<O.OO5), however there is no relation 

observed between window status and types of activities carried out inside classrooms (this may be 

due to the lack of sufficient data as it was proven otherwise in the previous chapter). 

As a result, the presence of aircraft has an impact on the window status. The result shows that 

there is a higher possibility of window closure due to the presence of aircraft noise and vice versa. 

As window closure reduces the classrooms' potential for having natural ventilation, it can be 

assumed that the schools which are located under flight paths suffer from poorer air quality and 

overheating. In Chapter Three, it was objectively and subjectively proven that classrooms located 

under the flight path have a higher risk of experiencing overheating. In the following pages, the 

classrooms' air quality for two schools which are located under the Heathrow airport flight path 

are assessed. 

5.2.5. Air quality guidelines as defined in BBIOI & BSRIA 

CO2 is produced by the exhalation of occupants. The amount of occupants' exhalation is related to 

the number of occupants, their weight and activity level. The rooms' volume also has an impact on 

CO2 concentration. Ventilation has a role in removing the CO2 by providing fresh air. In other 

words, the higher the level of CO2, the lower the air quality and ventilation. 

According to BB101, CO2 concentration is chosen as the key performance indicator for assessment 

of indoor are quality. 

a) BBIOI criteria 

BB 101 propose two sets of criteria to assess air quality inside a classroom. One of these sets is 

according to the classrooms' CO2 level and the other one is according to the classrooms' 

ventilation rate. 

The BBIOI criteria according to classrooms' CO. level: 

Based on these criteria, classrooms' CO2 level should be tested against the following 3 criteria in 

order to determine the indoor air quality. Classrooms should meet all the criteria below in order to 

be identified as classrooms having good air quality. 
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1. The average concentration of CO2 should not exceed 1500 ppm during occupied hours. 

2. The maximum concentration of CO2 should not exceed 5000 ppm during the teaching day. 

3. At any occupied time, the occupants should be able to reduce the concentration of CO2 to 1000 

ppm. 

The BB 101 criteria according to the classrooms' ventilation rate: 

Based on these criteria, classrooms' ventilation rate should be tested against the following 3 criteria 

in order to determine the indoor air quality. Naturally ventilated classrooms should meet all the 

criteria below in order to be identified as good air quality classrooms. 

1. A minimum ventilation rate of 3 lis per person 

2. A minimum daily average ventilation rate of 5 lis per person 

3. A capability of achieving a minimum ventilation rate of 8 lis per person 

b) BSRIA criteria 

Building Services Research and Information Association (BSRIA) consider that a concentration of 

800ppm or lower, the ventilation rate of 8 lis/person will provide acceptable air quality. 
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5.2.5.1 The comparison of the classrooms' CO2 level with the 'BB101 air quality 

guideline based on C02 level' 

a) Study the fIrst criterion 
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• Averace CoZlevel in school hours (9:00 .. m-3:30 pm) ppm on different days & cllISSrooms 

Graph 5-2.6: The comparison of the averages of CO2 level with 1500ppm 

Graph 5-2.6 shows that the averages of CO2 levels in all of the classrooms during occupied hours 

(9:00am-3:30pm) are less than 1500ppm. This is as per the first recommended criterion. According 

to BBIOl , 1500ppm is an acceptable average level of CO2 inside a classroom during teaching days. 

A Value T test is carried out between the averages of CO2 levels in all the classrooms during 

occupied hours (9:00am-3:30pm) and the value of 1500ppm. The result shows that the averages of 

CO2 levels in these cia srooms during occupied hours (9:00am-3:30pm) are significantly different 

to 1500ppm (n= 12, p<O.05) [Appendix 1O.22.a]. 

As a result of above discussion, the indoor CO2 levels of the classrooms under study meet the first 

air quality criterion. 

285 



b) Study the second criterion 

• Maximum CoZlevel in school hours [9:00 am-3:30 pm) ppm on different days & dassrooms 

Graph 5-2.7: The comparison of the maximum of CO2 level with 5000ppm 

Graph 5-2.7 shows that the maximums of CO2 levels in all of the classrooms during occupied hours 

(9:00am-3:30pm) are less than 5000ppm. This is as per the second recommended criterion. 

According to BB 101, 5000ppm is an acceptable maximum level of CO2 inside a classroom during 

the teaching days. In order words, the indoor air quality meets the second criterion. 

A Value T test is carried out between the maximums of CO2 levels in all the classrooms during 

occupied hours (9:00am-3:30pm) and the value of 5,OOOppm. The result shows that the maximum 

of CO2 levels in these classrooms during occupied hours (9:00am-3:30pm) are significantly 

different to 5000ppm (n= 12, p<O.05) [Appendix IO.22.b). 

As a result of above discussion, the indoor CO2 levels of the classrooms under study meet the 

second air quality criterion. 
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c) Study the third criterion 

In the following, the third criterion of BB101 for assessing air quality inside classrooms is 

evaluated for each classroom. According to this criterion, the occupants should be able to reduce 

the concentration of CO2 to 1000 ppm at any occupied time. In order to assess this, a Value T Test 

is carried out between the occasions that the CO2 levels exceed 1000ppm and ' 1000' [Appendix 

10.22.c). 

In addition, BSRRIA criterion for assessing air quality inside classrooms is evaluated for each 

classroom. According to this criterion, the occupants should be able to reduce the concentration of 

CO2 to 800 ppm at any occupied time. In order to assess this, a Value T Test is carried out between 

the occasions that the CO2 levels exceed 800ppm and '800' [Appendix 10.23]. Results of above T 

tests are summarised in Tables 5-2.7 to 5-2.13. 

Study the third criterion for Year 2 of Grove Road 

In the following graph (Graph 5-2.8), the comparisons between CO2 levels and the recommended 

benchmarks (800 & loo0ppm) are shown for Year 2 on three different days (24th June, 10th & 

11th of July). 
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Graph 5-2.8: The comparisons between CO2 levels and the reeommended benchmarks in Y2 on three different days 

The following table (Table 5-2.7) shows the percentage of the occasions when the level of CO2 

exceeded 800ppm & l000ppm in Y2 on different days during classrooms session . 
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Table 5-2.7: The percentages of occasions that C~ exceeded 1000 and 800ppm in Y2 on Ihree different days 

As can be seen from the above table (Table 5-2.7), the percentage of the occasions that the CO2 

levels exceeded lOOOppm varied from 0 to 55%. Also the percentage of the occasions that the CO2 

levels exceeded 800ppm varied from 0 to 74%. The above table al 0 shows that although the CO2 

levels exceeded the threshold during some sessions, the classroom ha the potential for having 

good air qUality as demonstrated during other ses ions. 

Year 2 students ometimes suffered from poor air quality (but not always). This i due to the 

classroom's environmental conditions in which the occupants choose to clo e the windows, and 

this does not allow the classroom to have a sufficient ventilation rate. 

Study the third criterion for Year 3 of Grove Road 

In the following graph (Graph 5-2.9), the comparisons between CO2 levels and the recommended 

benchmark (1000 & 800ppm) are shown for Y3 on 261h of June. 
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Graph 5-2.9: The comparisons between CO2 levels and the recommended benchmarks in Y3 on one day 

The following table (Table 5-2.8) shows the percentage of the occasions when the level of CO2 

exceeded 800ppm & lOOOppm in Y3 during classrooms sessions on one day . 

Grove. 
Road 

. ~ 
C/.) 

Y3 26-Jun-08 Thursday 

13 

3 

o 
29 

62 
49 

4 

40 

v V 

p < 0.05 P < 0.05 
x 

Table 5-2.8: The percentages of occasions that CO2 exceeded 1000 and 800ppm in Y3 on one day 

x 

As can be seen from the above table (Table 5-2.8), the percentage of the occasions that the CO2 

levels exceeded lOOOppm varied from 0 to 29%. Also the percentage of the occasion that the CO2 

levels exceeded 800ppm varied from 4 to 62%. The above table a] 0 illustrates that although the 

CO2 levels exceeded the threshold during some sessions, the classroom has the potential for having 

good air quality as demonstrated during other sessions. 

Year 3 students sometimes suffered from poor air quality (but not always). This is due to the 

classrooms environmental conditions in which the occupants choose to close the windows, and this 

does not allow the classroom to have a sufficient ventilation rate. 

Study the third criterion for Year 4 of Grove Road 
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In the following graph (Graph 5-2.10), the comparisons between CO2 levels and the recommended 

benchmarks (1000 & 800ppm) are shown for Y4 on three clifferent days (25 th June, 1" & 2nd of 

July). 
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GrapIl5-2.10: The comparisons between CO2 levels and the recommended benchmarks in Y4 on three different days 

The following table (Table 5-2.9) shows the percentage of the occasions when the level of CO2 

exceeded 800ppm & lO00ppm in Y4 during classroom sessions on clifferent days. 

Grove. 
Road 

J 

25-Jun-08 Wednesday 

Y4 OI-Jul-08 Thurroay 

02-Ju~08 Wednesday 

c 
.~ 

'" 

I" 

2"" 

3" 

4'" 

n 
(f) 

o 
o 
17 

o 
o 
o 
o 
o 
o 
o 

83 

84 
o 
o 
39 
3 

o 
o 

51 

7 

9 
o 

v V 

p < 0.05 P < 0.05 

V V 

p < 0.05 P < 0.05 

N.A 

p< 0.05 

x x 

x x 

x 

Table 5-2.9: The percentages of occasions that CO2 exceeded 1000 and 800ppm in Y4 on three different days 

As it can be seen from the above table (Table 5-2.4), the percentage of the occasions that the CO2 

levels exceeded 1000ppm varied from 0 to 72%. Also, the percentage of the occasions that the CO2 

levels exceeded 800ppm varied from 0 to 84%. This table also illustrates that although the CO2 

levels exceeded the threshold during some sessions, the classroom has the potential for having 

good air quality as demonstrated during other sessions. 
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Year 4 students sometimes suffered from poor air quality (but not always), this is due to 

classrooms' environmental conditions in which the occupants choose to close the windows, and 

this does not allow the classroom to have a sufficient ventilation rate. 

Study the third criterion for Year 6 of Grove road 

In the following graph (Graph 5-2.11), the comparisons between CO2 levels and the recommended 

benchmarks (1000 & 800ppm) are shown for Y6 on two different days (27 th and 30th of June). 
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Graph 5-2.11 : The comparisons between CO2 levels and the recommended benchmarks in Y6 on two different days 

The following table (Table 5-2.10) shows the percentage of occasions that CO2 went above 800 & 

1000ppm during the classroom sessions on different days. 

Grove. 
Road 

J 
u 

Y6 

27-JIDl-08 Friday 

30-JW1-08 Monday 

6 
.~ 

'" 

1 ~I 
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." 
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75 
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47 

71 

82 
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II 

84 

86 

92 
88 

96 

" " x x 
p < 0.05 p< 0.05 

" " x x 
p < 0.05 P < 0.05 

Table 5-2.10: The percentage of occasions that C~ exceeded 1000 and 800ppm in Y6 on two different days 
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As can be seen from the above table (Table 5-2.5), the percentage of the occasions that the CO2 

levels exceeded 1000ppm varied from 1 to 97%. Also, the percentage of the occasions that the CO2 

levels exceeded 800ppm varied from 1 to 100%. This table also illustrates although the CO2 levels 

exceeded the threshold during some sessions, the classrooms have the potential for having good air 

quality as demonstrated during other sessions. 

Year 6 students sometimes suffered from poor air qUality (but not always), this is due to 

classrooms' environmental conditions the occupants choose to close the windows, and this do not 

alJow the classroom to have a sufficient ventilation rate. 

Study the third criterion for Year 3 of Andrew Ewing 

In the following graph (Graph 5-2.12), the comparisons between CO2 levels and the recommended 

benchmarks (1000 & 800ppm) are shown for Y3 on 15th of July. 
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Graph 5-2.12: The comparisons between CO2 levels and the recommended benchmarks in Y3 on a day 

The following table (Table 5-2.11) hows the percentage of occasions that CO2 exceeded 800 & 

1000ppm during the classroom sessions on different days. 

Andrew. 
El'ing 

J 
u 

Y3 IS-JuJ.08 1Useday 

\" 

2" 
14 

o 
o 
o 

57 

59 
II 

9 

v v 
x 

p < 0.05 p < 0.05 

Table 5-2.11 : The percentage of occasions that CO2 exceeded 1 000 and 800ppm in Y6 on a day 

x 
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As can be seen from the above table (Table 5-2.6), the percentage of the occasions that the CO2 

levels exceeded lO00ppm varied from 0 toI4%. Also, the percentage of the occasions that the CO2 

levels exceeded 800ppm varied from 9 to 59%.This table also illustrates that although the CO2 

level exceeded the threshold during some sessions, the classroom has the potential for having good 

air quality as demonstrated during other sessions. 

The reason that Year 3 students sometimes suffered from poor air qUality (but not always), this is 

due to classrooms' environmental conditions in which occupants choose to close the windows, and 

this does not allow the classroom to have a sufficient ventilation rate. 

Study the third criterion for Year 4 of Andrew Ewing 

In the following graph (Graph 5-2.13), the comparisons between CO2 levels and the recommended 

benchmarks (1000 & 800ppm) are shown for Y4 on 7111 of July. In this classroom, the CO2 

monitoring started from 11:00. 
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Graph 5-2. J 3: The comparisons between C02 levels with the recommended benchmark in Y 4 on a day 

The following table (Table 5-2.12) hows the percentage of occasions when the levels of CO2 

exceeded 800 & l000ppm duri ng the classroom sessions on different days. 
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E" ing 

J 
u 
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3~ 
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100 

21 
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p < 0.05 P < 0.05 
x 

Table 5-2.12: The percentages of occasions that CO2 exceeded 1000 and 800ppm in Y 4 on a day 

= o 

x 
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As can be een from the above table (Table 5-2.12), the percentage of occasions that the C~ levels 

went above 1000ppm varied from 9 tol00%. AI 0 , the percentage of the occasions that the CO2 

levels exceeded 800ppm varied from 65 to 74%.Thi table also illustrates that although the CO2 

level exceeded the threshold during some sessions, the classroom has the potential for having good 

air quality as demonstrated during other session . 

Year 3 tudents sometimes suffered from bad air quality (but not always) thi i due to classroom's 

environmental conditions in which the occupants choose to close the windows, and thi s does not 

allow the classroom to have a sufficient ventilation rate. 

Study the third criterion for Year 6 of Andrew Ewing 

In the following graph (Graph 5-2.14), the comparisons between CO2 level and the recommended 

benchmark (1000 & 800ppm) and shown for Y6 on 14th of July. 
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Graph 5-2 .14: The comparisons between CO2 levels with the recommended benchmarks in Y6 on a day 

The following table (Table 5-2.13) hows the percentage of occa ions that CO2 exceeded 800 & 

l000ppm during the cia room session on different day. 
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Table 5-2 .1 3: The percentage of occasions that CO2 exceeded 1000 and 800ppm in Y 4 on a day 

As can be seen from the above table (Table 5-2.13), the CO2 levels did not exceed lOOOppm while 

the percentage of occasions that exceeded 800ppm varied from 0 to 13%. The table also illustrates 

that although the CO2 levels exceeded the threshold during some sessions, it has the potential of 

having good air quality (based on BSRIA criterion) as demonstrated during other sessions. 

Year 3 students sometimes suffered from poor air quality (based on BSRIA but not always). This is 

due to the classroom's environmental conditions in which the occupants choose to close the 

windows, and this does not allow the classroom to have sufficient ventilation rate. Students of this 

classroom had a privilege of good air quality based on BB 1 01 criteria. 

d) Result of assessment of indoor air quality as per BBIOI guideline based on C0 2 

level 

As a result of the indoor CO2 levels in different classrooms against the third BB 1 01 criterion, it can 

be concluded that, in some situations, windows are closed and occupants are not able to open the 

classrooms ' windows because of aircraft noise. Therefore, all the classrooms in all session do not 

meet the 3rd BBlOl criterion. 

Table 5-2.14 shows the summary of the assessment as per BBIOI air quality guideline. 

As can be seen from Graph 5-2.15, for nearl y 75% of the days in this study, classrooms did not 

have good air quality. And this is due to the fact that although occupants of the schools which are 

located under the Heathrow airport flight path physically have the ability to open and close the 

windows and nominal ly have a fu lly control of the windows, however, because of the aircraft 

noise, there are some limitations to maintaining access to natural venti lation which caused poor air 

quality and stuffy situations during the summer. 

Table 5-2.14: Summary of classrooms indoor air quality 

against BB101 air quality guideline based on CO2 
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Graph 5-2.15: Share of the days according to classrooms' air quality 

5.2.5.2. Comparison of the classrooms' ventilation rate as per the BBIOI air quality 

guideline based on ventilation rate 

In the previous section, it has been proven that cia srooms located under the flight path suffer from 

poor air quality as per the BB 101 air quality guideline based on CO2 level. In this section some 

classrooms of Grove Road primary school are assessed against the BB 101 air quality guideline 

based on ventilation rate to show how aircraft noi e can have a negative impact on ventilation rate 

as well as on classrooms' CO2 level. According to these criteria, the minimum ventilation should 

be 3 I/s per person with a minimum daily average of 5 I/s per person and a capability of achieving a 

minimum of 81/s per person at any time. 

In this part, the classrooms' ventilation rate is calculated when windows are fully open and fully 

closed. As mentioned in the literature review, there are two methods for calculating ventilation rate 

(there are also methods available to physically measure ventilation rate e.g. pressure test, which are 

not viable for thi study). These two methods are 'formula method ' which is explained in the 

literature review and 'plotting method' which is explained in this section, and are used to calculate 

ventilation rate in this study. In the ' plotting method', ventilation rate is calculated ba ed on the 

CO2 fluctuation that is recorded inside the classrooms. This method requires less data to be input in 

comparison with the formula method. As shown in the previous graphs, in the wor t condition, the 

windows are closed for 75min (entire duration), and in the best condition window are open for this 

entire duration. The ventilation rates for these two scenarios are calculated as follows: 
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a) Calculating the ventilation rate when windows are fuUy closed 

The following graph (Graph 5-2.16) shows the CO2 fluctuations when windows were closed during 

first session of the morning (9:00 -10: 15 for 75 minutes) on 3 different days in Grove Road primary 

school's classrooms. The graph enables the determination of the ventilation level. 

CO~ fluctuation as a result of occupants' exhalation 

when there is no ventilation (but there is some infiltration) 
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Graph 5-2.16: CO2 levels 011 different days when windows are fully closed 

In order to e timate the ventilation rate, the following four step should be followed: 

• Fir t: The tangent line of the CO2 fluctuation curve should be drawn. Thi line represent the 

CO2 level if the cia room does not have any ventilation or infiltration. 

• Second: The equation of the tangent line i Y =a x + b 

- 'a' is calculated by calculating the tangent of this line which i «(1750-] 000)/(20x60))=O.6ppm 

per econd 

- 'b' is the CO2 in ide and outside at the time of t=O and is equal to 400ppm So the formula of 

the tangent line is Y=0.6 x +400 

• Third: change in CO2 concentration (dc) obtained by the following formula 
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dc =[emission - exhaust ( note exhaust is inside concentration - outside concentration) ] x dt 

de: 0.6 dt - VR x ( C - 4(0) x dtlV 

dc/dt=O.6 - VR x (C - 4(0) 1 V 

VR = ventilation rate 

V = room volume 

C= CO2 level at the time of t 

• Forth: the infiltration rate at t= 2400 is calculated as follows: 

The CO2 level at the time when t is 1500 ppm 

dc/dt at the time when 't=2400' from the CO2 fluctuation curve is [(l500-1300)/(lOx60)] = 0.3t 

0.3 = 0.6 - VR x (1500 - 4(0) 1 V 

VR x 1100N=0.3 

Room volume (V) is 180 cubic metres 

VR= (0.3 x 180) 11100= 0.049 m3/s = 4911s 

Number of children inside the classroom is 30 

Number of teacher is 1 

Number of teacher assistant is 1 

Ventilation rate per person= 49/32 = 1.5311s per person 

From the results of the above calculation, it can be concluded that the ventilation rate when the 

classrooms' windows are fully 'closed' is 1.53 lis per person. 
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b) Calculating the ventilation rate when windows are fully open 

The following graph (Graph 5-2.17) shows the CO2 fluctuations when windows were open during 

the first session of the morning (10:45 -12:00) on one day. The graph enables the determination of 

the ventilation level. 
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Graph 5-2.17: CO2 level on one day when windows are fuUy open 

In order to estimate the ventilation rate the following four steps should be carried out: 

First: From the previous discussion, it is estimated that the formula for CO2 fluctuation line when 

the window is closed is Y=0.6 x +400 

Second: Concentration (dc) is obtained by the following formula: 

dc =[emission - exhaust ( note exhaust i inside concentration - outside concentration) ] x dt 

de: 0.6 dt - VR x ( C - 400) x dtiV 

dc/dt=0.6 - VR x (C - 400) 1 V 

VR = ventilation rate 

V = room volume 

C= CO2 level at the time of t 

Third: The ventilation rate at t= 2400 is calculated a follows: 

The CO2 level at the time when tis 600 ppm 

dc/dt at the time when 't=2400' from the CO2 fluctuation curve is [(600-6001300)/(1 Ox60)]= 0 

0= 0.6 - VR x (600 - 400) 1 V 
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VR x 1l00N = 0.6 

Room volume 01) is 180 cubic metres 

VR= (0.6 x 180) /1100= 0.54 m3/s =540 lis 

Number of children inside the classroom is 30 

Number of teacher is 1 

Number of teacher assistant is 1 

Ventilation rate per person:::: 540 /32:::: 18 (lis) per person 

From the results of the above calculation, it can be concluded that the ventilation rate when the 

classroom's window is fully 'open' is 18 lis per person. 

c) Result of assessing indoor air quality based on BBIOI ventilation rate guideline 

From the above discussion regarding the classrooms' ventilation rate it can be concluded that 

although the classrooms have the potential to provide a ventilation rate of 18 (lis) per person when 

windows are open, but since the occupants keep the windows shut due to the aircraft noise, the 

ventilation rate drops to 1.53 (lis) per person which is far below the recommended minimum rate of 

3 lis per person. It can be concluded that in the scenario when classrooms' windows are fully 

closed, the classrooms' ventilation rate fails to meet the BB 101 air quality guideline based on 

ventilation rate criteria, and consequently classrooms suffer from poor air quality. 
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5.2.2. Subjective study 

The subjective result also confirms the result from objective study. 

In the questionnaires, the teachers were requested to rate the air quality and aircraft noise levels 

from one to seven. A regression analysis is carried out between teachers' perception of air qUality 

and aircraft noise (Appendix 10.24). The result of this regression shows that aircraft noise is a 

predictor for air quality (P<0.05, r=0.296). 

The following graph (Graph 5-2.l8) demonstrates that, the higher the level of aircraft noise, the 

lower the air quality level. 
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Graph 5-2.18: Air quality VS Aircraft noise level 

As can be seen from the above graph (Graph 5-2.18), the teachers who scored a higher level of 

aircraft noise, also scored for stuffier situations and vice versa. Therefore, it can be concluded the 

buildings' distances of the schools from airports has an impact on ventilation level which plays an 

important role on air quality. 
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5.2.3. Conclusion 

It is objectively and subjectively has proven that the schools which are located within a short 

distance to the Heathrow airport have a higher risk of experiencing poor air qUality. 

Although occupants of the schools, which are located under the Heathrow airport flight path 

physically, have the ability to open and close the windows and nominally have the full control of 

the windows, however because of the aircraft noise, there are limitations in maintaining access to 

natural ventilation. This can lead to overheating and stuffy situations during summer. 

The occupants in these regions would fall under one of the following critical situations: 

Poor air quality with suitable background noise 

The following graph (Graph 5-2.19) shows a critical situation where the CO2 levels exceed 

1000ppm and classrooms suffer from poor air qUality as a result of window closure to reduce the 

high level of aircraft noise to the recommended level of 35dB. 
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Graph 5-2.19: CO2 level vs. classroom's ambient noise level when the window is fully closed 

A bigh level of background noise but with good air quality 

The following graph (Graph 5-2.20) shows a critical situation where aircraft noise level exceeds 35 

(dB) and the classroom suffers from a poor background noise level. This is due to keeping 

windows open to maintain indoor air quality and reduce the CO2 level to the recommended level of 

10OOppm. 
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Graph 5-2.20: CO2 level vs . classroom's ambient noise level when the window is fu lly open 
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Chapter 6: Discussion 
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Overview: 

This part of the research summarises the reasons that why a classroom fails to provide good 

environmental conditions as a result of conflict between comfort factors and also use of relaxed 

benchmarks. The type of conflict that is studied in this research is the conflict between acoustic 

comfort and 'thermal and air quality' in the classrooms located under the flight path, which causes 

overheating and poor air quality. The seven findings of the research are summarised. These 

findings focus on the impact of high level aircraft noise and poor layout on ventilation and 

consequently experiencing overheating and poor air quality inside classrooms. In addition, the 

impact of climate condition (i.e. solar irradiance & outside temperature) and building factors (i.e. 

thermal mass level and solar gain potential) on overheating are reviewed. This is followed by the 

explanation of the use of relaxed thermal and air quality benchmarks in design of classrooms which 

causes the classrooms to experience overheating and poor air quality. Finally, the limitations that 

the author faced during this study and suggestions for further research are discussed. 

6.1. Problems 

According to the extensive research available it can be seen that there is a significant relation 

between academic performance of students and the level of noise (Shield & Dockrell, 2(03), 

temperature (Limb, 1997), air quality (Coley et aI, 2(07) & light (BB90, 1999). 

In particular, concern has been shown for students in the age range of 5 to 11 years old (Dudek, 

20(0). Academic performance can be increased if classrooms have good acoustics without any 

external noise, as well as comfortable temperatures, good air quality and good lighting design, 

especially for natural light. 

Not only poor environmental conditions could have negative impacts on students' performance but 

also on their health in critical situations. Providing good environmental condition has been a 

fundamental factor that has always been paid attention to, through the history of school design in 

the UK. By reviewing the schools' construction in the UK in Chapter Two ofthis study, the causes 

of poor environmental conditions can be summarised as follows: 

• Poor environmental conditions as a result of conflict between comfort factors 

• Poor environmental conditions as a result of using relaxed benchmarks 

Providing a balance between all the environmental factors is critical as they may conflict and 

interact with each other for the following reasons: 

1. Conflict between comfort factors because they are considered separately. It should be 

noted that these are usually not independent factors but interrelate with each other. 

2. Conflict between comfort factors due to change of conditions over the life of the building. 
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This research focuses on one type of conflict in the classrooms located under flight paths. The 

hypothesis of this research is that the schools located under flight paths suffer from overheating and 

poor air quality compared to the ones that are located in quite regions. The reasoning is that the 

main role of ventilation is to provide thermal comfort and good air quality. The lack of ventilation 

(window closure) because of the high level of air craft noise causes overheating and poor air 

quality in the schools located under flight paths. This is illustrated in this study and the summary of 

finding is reviewed below. 

6.2. Summary of Findings 

This research has seven findings which are discussed as follows: 

6.2.1. First finding: Window closure as a result of the high level of aircraft noise 

The first finding of this research is that the occupants of the school located under the Heathrow 

Airport flight path complain about the high level of aircraft noise and tend to keep windows shut 

for a considerable amount of time. 

BAA operates a runway alteration plan to reduce the impact of high level of aircraft noise on the 

residents of the regions around Heathrow Airport. Based on this initiative, one runway is used by 

landing aircrafts from 06:00 until 15:00 and then they switch to the other runway. Departing 

aircrafts use the alternative run-way. However, on Sunday each week the runway used the day 

before continues to be used for landings. This means early morning arrivals use a different runway 

on successive weeks and the runways used by landing aircrafts before and after 15:00 also alternate 

on a weekly basis. This alteration does not mean that the aircraft noise is wholly mitigated, but it 

can be said that the noise is lowered every other week. 

In order to show that windows are shut for a considerable amount of time in primary school 

classrooms located under Heathrow Airport flight path, the following assessments are carried out: 

6.2.1.1. Assessment 1: Aircraft noise and possibility of window closure based on 

detailed study 

Generally aircraft noise has a negative impact on occupants' speech intelligibility as it impairs 

communications. It also annoys and causes them to lose their ability to concentrate. The 

detailed study is carried in two parts in order to evaluate the impact of aircraft noise on 

occupants' speech intelligibility and occupants' complaint level. 
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a) Aircraft noise, speech intelligibility and window closure 

Various guidelines are proposed regarding the impact of aircraft noise on speech intelligibility. 

The aircraft noises heard in classrooms against the criteria set for speech intelligibility in two 

situations (window closed and open) are evaluated in order to demonstrate that how acoustic 

difficulties arise in the schools located under the Heathrow flight path. According to these 

guidelines, speech intelligibility is significantly improved if windows are closed. The extent of 

the improvement varies depending on what guideline is referred to. This assessment confirms 

the possibilities of window closure due to the aircraft noise based on the evaluation of speech 

intelligibility when windows are open and closed. 

It should be noted that both the level of disturbing noise (e.g. aircraft noise) and the distance 

between speaker and listener have a significant impact on speech intelligibility. 

In every 90 seconds, an aircrafts passes over the schools which are within a close distance to 

Heathrow airport. 

The maximum suitable distances between speaker and listener based on BS 8233 (which is 

adapted for 1.5 and Ll 0) and the percentage of occasions that communications would be failed 

are calculated. Based on this calculation, it is shown that if the distance between the speaker 

(with normal voice) and listener exceeds 0.7m, 4.5 out of 90 seconds of the communication is 

missed out when an aircraft is passing over the school building and window is open. In other 

words, if pronouncing each word lasts for I second, it can be concluded that nearly 5 out of 90 

words will be missed out which causes a negative impact on speech intelligibility. 

Furthermore, if the distance between speaker (with the normal voice) and listener becomes 

higher than 1.32m, then 9 out of 90 seconds is missed out When an aircraft is passing over the 

school building and window is open. This creates a more critical situation as 9 out of 90 words 

will be missed out. 

In the situation that the window is closed, these distances are 2.7 and 4.7 respectively. 

The best condition in which the speech intelligibility is provided (while the windows are open 

and aircrafts are flying over the school) is when the teacher sits on a chair at the centre, 

students sit around himlher and the teacher raises hislher voice. In this condition, teacher 

speech intelligibility is provided even for the students who sit in the second and third rows. As 

it was observed several times in the classrooms of Grove Road and Andrew Ewing primary 

schools teachers invited students to sit on the floor and they themselves sat on the chair during 

most of the lecturing activities in order to improve speech intelligibility. It should be noted that 

if the teacher wants to stand up or students want to sit at their desks, the speech intelligibility 

will be impaired. In this situation, in order to improve speech intelligibility, classrooms' 

windows should be kept closed. This assessment confirms the possibility of window closure due 
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to the aircraft noise based on the evaluation of suitable distance between speaker and listener 

in order to provide speech intelligibility when windows are open and closed. 

b) Aircraft noise, occupants' annoyance level and window closure 

In terms of annoyance level, both BS 4142 and the Guides on Noise from Pubs and Clubs 

(I.O.A, 2003) use a criterion which looks at the difference between the specific noise (e.g. 

disco, aircraft) and background noise (e.g. students' activity). If this difference exceeds 10 dB, 

complains are likely. Based on this criterion, the likelihood that occupants complain about the 

high level of aircraft noise inside classrooms when windows are open and closed and occupants 

are occupied with different activities are calculated for each classroom. Four types of activities 

which are carried of inside a classroom are 'Activity I: Silent', 'Activity 2: one person 

speaking', 'Activity 3: individual' & 'Activity 4: Group'. Based on these calculations for the 

classrooms located under the flight path, it is found that for activities 1 and 2, the disturbance is 

more likely when the windows are open, and unlikely when the windows are closed, whilst for 

activities 3 and 4, the noise through open windows causes disturbance in only one or two 

classrooms out of six. 

The average duration of each type of activity inside classrooms ('Activity I: Silent', 'Activity 

2: one person speaking', 'Activity 3: individual' and 'Activity 4: Group') are 11 %,42%, 18% 

& 30% respectively. 

The result shows the share of 'Activity 1: Silent' and 'Activity 2: one person speaking' are 

around 55% of all activities. However the share of 'Activity 2' is significantly higher than 

other activities. Therefore, it can be concluded that there is a possibility that classrooms located 

under the flight paths will need to keep their windows shut for more than half of the duration of 

their activities, and this would lead to lack of ventilation in the classrooms. In addition, based 

on the Assessment 3, which is explained later, it is discovered that not only do the occupants 

close the classrooms' windows during 'Activity 1: Silent' and 'Activity 2: one person 

speaking', but also they are kept shut during the subjects that need extra concentration such as 

maths, science and literacy, even in a week where aircraft noise is low. Based on Assessment 1 

and Assessment 3 which is explained later, it can be concluded that the percentage of the 

occasion that windows are closed is more that 55%. This assessment confirms the possibility of 

window closure due to the aircraft noise based on the calculation of the likelihood of 

occupants complaining about the high level of aircraft noise inside classrooms when windows 

are open and closed. 
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6.2.1.2. Assessment 2: Aircraft noise and the possibility of window closure based 

on Random Study 

A random survey was carried out on a day that aircraft noise was ltigh. In the survey, the status 

of windows (Le. open or closed) and type of the activities for all range of classrooms (Yl-Y6) 

were recorded while they were being affected by aircraft noise (Table 6.1). The result suggests 

that only the windows of noisy classrooms stayed OPEN in contrast to those of quiet activities 

which were kept CLOSED. In tltis study, the 'quiet activities' mainly refers to 'Activity 1: 

Silent' and 'Activity 2: one person speaking' and the 'noisy activities' mainly refers to 

'Activity 3: individual' & 'Activity 4: Group'. 

Classrooms Window situation Activities 
Yl Close Qtret 

Y2 Open Noisy 
Y3 Open Noisy 

Y4 Open Noisy 

YS Close Empty 

Y6 Close Qtret 

Table 6.1: Windows status VS the level of noise in different classrooms 

This assessment confinns the possibilities of window closure due to the aircraft noise based on 

Random Study. 

6.2.1.3. Assessment 3: Nature of the class subject and window closure 

As mentioned earlier, the study was conducted on two types of days - one where there was a 

high level of aircraft noise (present) and the other where there was a low level of aircraft noise 

(absent). 

This study shows that the presence of aircraft noise in some sessions did not have any impact 

on the status of windows. The classroom windows were kept closed irrespective of the level of 

outside noise. 

Teachers of the classrooms in which the windows were kept shut during the weeks that aircraft 

noise was low were questioned about thjs. They beljeved that the aircraft noise could still be 

heard inside the classrooms even on the days that aircrafts would have changed their direction . 

On these days, the level of aircraft noise wltich is heard inside the classrooms is 45dB, which is 

still above the recommended benchmark that a classroom is allowed during purge ventilation. 
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As aircraft noise contains distinct impulses, it is distracting for students when they are 

occupied with the subjects that need extra concentration such as math, science and literacy. 

They considered that they preferred to keep the window shut during such subjects even in the 

weeks that aircraft noise was low, as the nature of these subjects needed extra concentration, 

and consequently they experienced poor air quality and overheating. 

It should be noted that in this study the schools which have been chosen are relatively free 

from other environmental noises such as cars and lorries so that the impact of aircraft noise on 

window closure can be studied more accurately. This assessment confirms the possibilities of 

window closure due to the aircraft noise based on observations and interviews with teachers. 

6.2.1.4. Assessment 4: Occasions that windows were kept closed and open 

As mentioned in Assessment }, the occupants complaints are 'likely' from the high level of 

aircraft noise when windows are open and they are occupied with 'Activity 1: Silent' and 

'Activity 2: one person speaking' but it is 'unlikely' when windows are closed. Due to this 

assessment, there is a possibility that the classrooms located under flight paths will need to 

keep their windows shut for the duration that the occupants are occupied with 'Activity 1: 

Silent' and 'Activity 2: one person speaking'. Assessment 2 which is a random assessment and 

was carried out in a week when aircraft noise was present, confirms that the windows were 

kept shut while the occupants were occupied with silent activities (i.e. 'Activity 1: Silent' and 

'Activity 2: one person speaking') and they were open when occupants were occupied with 

noisy activities ('Activity 3: individual' & 'Activity 4: Group'). In this assessment, the relation 

between the number of occasions that the windows were kept closed and open (status of 

windows) with activities that were carried out inside the classrooms is studied. 

It should be noted that in this part of the study, the sessions allocated to the subjects that 

needed extra concentration (e.g. math) have been excluded. This is due to the fact that windows 

are closed at all times in these sessions, due the nature of the subject and also the nature of 

aircraft noise irrespective of its noise level (high or low). 

Based on this assessment, it is found out that the number of the occasions that windows were 

kept closed are significantly higher than the occasions they were kept open during 'Activity}: 

Silent' and 'Activity 2: One person speaking' during the weeks that aircraft noise was high 

(Graph 6.1). Also, the numbers of the occasions that windows were kept open are significantly 

higher than the occasions they were closed during 'Activityl: Silent' and 'Activity 2: One 

person speaking' during the week that aircraft noise was low (Graph 6.2). 
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Graph 6.1: Occasions that windows were open and closed when tbe aircraft noise was high (present) 

i . 
" ! • 
~ 

i · ; .. , 
j 1 
c 
i 
" I -5 
Ii • 

1 

fo-

I-

r- I-iHJ : ... ~= I Ad:~.~:.. 1 ::.~~ I 
0 . .. I a... 

Ad.....,J:ar~ 

Graph 6.2: Occasions that windows were open and closed when the aircraft noise was low (absent) 

This assessment confirms the possibility of window closure due 10 the aircraft noise based 011 

observation. 

6.2.1.5. Assessment 5: Subjective analysis 

The regression analysis that is carried out between the perceived ventilation control level and 

aircraft noise confmns that there is a low significant negative relationship between ventila60n 

control level and aircraft noise level. 

6.2.1.6. Results of the above five assessments 

The summery of the above five asses ments which are carried out on classroom located under 

the Heathrow fli ght path are as follows: 
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• Speech intelligibility is impaired when classrooms' windows are opened and improved 

when classrooms' windows are closed. 

• The distance between speaker and listener in order to provide suitable speech 

intelligibility should be kept to a minimum when classrooms' windows are open, and 

may be increased when classrooms' windows are closed. 

• Complaints are likely when occupants are occupied with 'Activity}: Silent' and 

'Activity 2: One person speaking' and classrooms' windows are open, and become 

unlikely when classrooms' windows are closed. The share of activities} and 2 are 

higher than the share of activities 3 and 4 and the share of activity 2 is significantly 

higher than all the others. For this reason, it can be concluded that the percentage of the 

occasions that windows are closed is higher. 

• Based on Random Study, classrooms' windows were kept closed during Quiet 

Activities ['Activity}: Silent' and 'Activity 2: One person speaking'] and open during 

Noisy Activities ['Activity 3: Individual' and 'Activity 4: Group']. 

• Based on observations and interviews with teachers, classrooms' windows were closed 

not only during the 'Activity}: Silent' and 'Activity 2: One person speaking' but also 

during subjects that needed extra concentration such as math, science and literacy. 

• During the observation, the number of the occasions that the classrooms' windows 

were kept closed and open, were monitored when aircraft noise was high and low. The 

result (the sessions allocated to the subjects that needed extra concentration are 

excluded) shows that the number of occasions that windows were closed during 

'Activity}' and 'Activity 2' are significantly higher during the weeks that aircraft 

noise was high. 

• The subjective analysis also confirms the impact of aircraft noise on occupants' 

behaviour regarding window closure. 

From the results of the above assessments, it is proven that the classrooms located under the 

Heathrow flight path keep the windows shut for a considerable amount of time. The only 

available ventilation system in the classrooms which are studied, is through windows as they 

are all naturally ventilated buildings. Although the occupants of these buildings physically 

have the ability to open and close windows, access to natural ventilation is limited due to the 

aircraft noise. This suggests they will lack sufficient ventilation, and therefore overheating and 

poor indoor air quality will occur. 
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6.2.2. The second finding: Door closure as a result of poor layout 

The second finding of this research is with regards to the negative impact of poor layout on the lack 

of ventilation. A review of the layouts of some schools (e.g. Grove Road, Andrew Ewing) shows 

that there is a communal hall (in which IT activities take place) located on the internal side of the 

classrooms. According to the interview with the teachers, the internal doors stayed closed while 

there were activities taking place in the communal hall, or when other classrooms carried out noisy 

activities and would have left their doors open. It should be noted that if there is a possibility to 

leave the internal doors open, the classrooms will have a chance to provide fresh air through stack 

ventilation from the communal hall as there are openings on its roof. So it can be concluded that 

poor layout could decrease the ventilation level. 

6.2.3. Third finding: Overheating as a result of the high level of aircraft noise 

The third finding of this research is roughly the impact of the high level of aircraft noise on the risk 

of schools' overheating. 

In order to assess the likelihood of classrooms which are located under the flight path suffering 

from overheating more than the ones located in quiet regions, the indoor temperatures of 70 

classrooms from 18 free running primary schools in London were recorded every half an hour, by 

placing two 'I Buttons' with the accuracy of (±O.5 0 C) in each classroom in June & July of the 

years 2005, 2007 & 2008. 

The schools are simply caregorised as noisy or quiet schools. Noisy schools are defined as those 

lying in the Heathrow map of above 57 dBA and Quiet schools are defined as those lying outside 

noise map. 

Dimensional measurements, solar gain calculation, thermal mass & classroom elevation 

evaluations were carried out for each classroom. 

Indoor temperature is affected by climate and building characteristics. According to CIBSE TM36 

(2006), the key characteristics to prevent overheating are ventilation rate, solar gain, thermal mass, 

building design and internal gain. 

Climate condition is different for each classroom on each day, each of which creates a unique 

'Classroom-Day' scenario. To study the impact of ventilation on indoor temperature, comparisons 

are carried out between the percentages of dissatisfaction from overheating (based on fixed and 

adaptive model) and the percentage of the occasion that indoor occupied temperatures exceed the 

maximum allowable difference from adaptive thermal comfort, in classrooms located in noisy 

schools with those in quiet schools. To do this, the groups of classrooms with similar properties 

(Le. thermal mass, risk of receiving solar gain) with the same climate conditions (i.e. the days 
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which have sinlllar solar irradiance and outside temperature) are compared. Classrooms in this 

study are divided into two groups according to their maximum risk for receiving solar gain on a 

clear day in June & July (i.e. above and below 50 W/m2). The impact of internal gain is considered 

constant as the number of students and their activities, classrooms' areas and also the number and 

types of equipments in use are almost the same. 

After equalising the factors that have a significant impact on indoor temperature such as thermal 

mass, maximum risk for receiving solar gain in classrooms (which is related to the direction of 

classroom windows, window area etc.), outside daily temperature and daily irradiance (i.e. actual 

daily solar irradiance), it is concluded that the percentage of dissatisfaction from overheating, and 

the percentage of occasions that indoor occupied temperatures exceed the maximum allowable 

difference from adaptive thermal comfort, are mainly higher in the noisy classrooms as compared 

to tho e in quiet regions. Therefore, it can be concluded that the noisy classrooms with a high level 

of aircraft noise have a lower potential for using natural ventilation. 

The subjective results confirmed this analysis. A regression analysis is carried out between 

teachers' perceptions towards environmental noise and thermal comfort in low and medium 

thermal mass schools. The result of this regression shows that aircraft noise is the only predictor for 

thermal comfort in both low thermal mass schools (p<0.05, 1'=0.323) and medium thermal mass 

schools (p<0.05, r=0.343). The following two graphs (Graph 6.3 and Graph 6.4) show this 

relationship as thermal mass level is one of the factors that has an impact on the indoor 

temperature. The teachers' perceptions were elicited through a questionnaire. 
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Graph 6.3: Relationship between teachers' perception toward 
aircraft noise and thermal comfort (in low thermal mass school) 
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Graph 6.4: Relationship between teachers' perception toward 
aircraft noise and thennaI comfort (in medium thermal mass school) 

As can be seen from Graphs 6.3 and 6.4, the teachers who rated higher levels of aircraft noise, also 

rated lower levels of thermal comfort and vice versa. This subjective study conftrms the objective 

survey that claims aircraft noise is a predictor for thennal comfort. 

6.2.4. Fourth finding: The relation between schools' location on noise counter map 

and teachers' perceptions regarding aircraft noise and thermal comfort 

In order to have a better understanding of how the level of aircraft noise has an impact on thermal 

comfort, the teachers' perceptions toward thermal comfort and aircraft noise are compared with the 

schools location on the noise contour map of above 57 dBA. A regression analysis is carried out 

between 'thermal comfort perception' with 'aircraft noise perception and schools' location on the 

noise contour'. According to this analysis, there is a significant relation between 'aircraft noise 

perception' with the schools' location on the noise counter map (p<0.05 and r = 0.3]6), and also 

there is a signiftcant relation between 'thermal comfort perception' with the schools' location on 

the noise counter map (p< 0.05 and r= 0.337). 
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Graph 6.5: The relation between schools ' location on aircraft noise with teachers' perception 
regarding aircraft noise and thermal comfort 

Graph 6.5 shows the relation between the schools' location on the aircraft noise contour map with 

the teachers' perceptions toward aircraft noise and thermal comfort. As can be seen from this 

graph, the schools located on the higher aircraft noise contour experience lower thermal comfort 

and vice versa. 

As a result, it can be suggested that not only do the schools located in noisy regions have a higher 

risk of experiencing overheating in comparison to those located in the quiet regions due to the 

aircraft noise, but also the schools located in the noisy regions suffer from different levels of 

overheating according to their location on the noise contour map. In other words, di stance of the 

schools' building from Heathrow airport and the impact of aircraft noise on classrooms' 

background noise level have an impact on the level of thermal comfort. The high level of aircraft 

noise plays an important role in dissatisfaction from overheating as it reduces the buildings' 

potential for having natural ventilation. 

6.2.5. Fifth finding: Poor air quality as a result of the high level of aircraft noise 

The fifth fmding of this research is the impact of the high level of aircraft noise on classrooms' 

poor air quality. 

CO2 is produced by occupants' breathing and the amount of CO2 produced depends on the number 

of occupants, their weight and activity level. The volume of the room also has an impact on CO2 

concentration. Ventilation helps removing the CO2 by providing fresh air. In general, the higher the 

CO2 level, the lower the air quality. 
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CO2 level is mainly increased as a result of occupants' exhale (which is related to the occupants 

metabolic rate) and decreased by ventilation which is provided by opening windows and doors 

(window and door status). 

In BB 10 1, C02 concentration has been chosen as the key performance indicator for assessment of 

indoor air quality. The BBlOl criteria based on CO2 levels & ventilation rates for naturally 

ventilated classrooms, are as follows: 

• BB 10 1 air quality criteria based on C02 level: 

1. The average concentration of CO2 should not exceed 1,500 ppm during occupied hours. 

2. The maximum concentration of CO2 should not exceed 5,000 ppm during a teaching day. 

3. At any occupied time, the occupants should be able to reduce the concentration of C02 to 

1.000 ppm. 

• BB 10 1 air quality criteria based on ventilation rate: 

1. The minimum ventilation rate should be 3 lis per person 

2. The minimum daily average ventilation rate should be 5 lis per person 

4. Occupants should be capable of achieving a minimum of 8 lis per person at any time. 

In order to assess the likelihood of the classrooms which are located under the flight path, suffering 

from poor air quality more than the ones located in quiet regions, the CO2 level of different 

classrooms of two primary schools were measured for 12 days at 1 to 2 minutes intervals using a 

device called Telaire. 

The results of the air quality study carried out are as follows: 

6.2.5.1. Study the classrooms' air quality according to BB101 air quality 

guidelines based on COl level 

The average CO2 levels in all classrooms on different days were significantly less than 

1.50Oppm, which means that the classrooms meet the 1 st criterion for having good air 

quality. The maximum CO2 levels in all classrooms on different days were significantly 

less than 5,00Oppm. which means that classrooms meet the 2nd criterion for having good air 

quality. The fluctuations of CO2 levels in all classrooms on different days are compared 

with 1,OOOppm as the 3rd criterion for having good air quality, and it was found out that the 

percentage of occasions that the CO2 levels went above l,OOOppm varied. Although 

occupants of the buildings located under flight paths physically had the ability to open 

windows and reduce the CO2 level to below looOppm, due the aircraft noise, access to 

natural ventilation was limited. As per the result of the calculations, classrooms which are 

located under flight paths did not satisfy the 3rd criterion on 75% of the occasions, and 

therefore experienced poor air quality. 
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6.2.5.2. Study the classrooms' air quality according to BBIOI air quality 

guidelines based on ventilation rate 

The ventilation rates in classrooms located under flight paths are calculated when windows 

were open and closed in order to find out how window closure impacts the ventilation rate. 

When classrooms' windows were open, the average ventilation rate was 8 lis per person 

and when windows were closed, the average ventilation rate was 1.5311s per person. This 

means that when windows were closed due to the high level of aircraft noise, ventilation 

rate dropped from 8 to 1.53 lis per person. This amount is far below the recommended 

minimum rate which is 3 lis per person. 

It can be concluded that on occasions when classrooms' windows are fully closed, the 

classrooms' ventilation rate fails to meet the BB101 criteria based on ventilation rate 

criteria, and consequently classrooms suffer from poor air quality. 

6.2.5.3. Subjective study 

The subjective results also confirm the relationship between aircraft noise and air quality. 

The regression analysis between teachers' perceptions regarding air quality and aircraft 

noise confirms that there is a significant relationship between them. In this study, the 

teachers who rated a higher level of aircraft noise, also rated a stuffier situation and vice 

versa. Therefore, it can be concluded that aircraft noise has an impact on classrooms' 

indoor air quality. Also it can be concluded the distance of a school buildings from an 

airport has a major impact on ventilation level which plays an important role in achieving 

air qUality. 

6.2.6. Sixth finding: The impacts of climate and building factors on classrooms' 

indoor temperature 

A regression analysis is carried out between (a) indoor temperatures and (b) outside temperature, 

solar irradiance (climate'S factors) and classroom thermal mass levels (building factors). The result 

shows that in the majority of occasions, climate and building factors have significant impacts on 

indoor temperature. The impacts of these factors are indi vidually studied as follows: 

6.2.6.1. Climate factors 

In general, climate factors are wind, rain, outside temperature, solar gain etc. In this study, 

the impacts of the most important climate factors (Le. outside temperature and solar 

irradiance) are assessed: 
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a) Impact of outside temperature 

The indoor temperatures of 58 classrooms from 16 primary schools are studied on two 

different weekend days. These classrooms have nearly the same actual daily solar 

irradiances but different outside temperatures. The results confirm that the outside 

temperature has an impact on classrooms' indoor temperature. They also show that the 

classrooms' indoor temperatures on the weekend day with the higher outside temperature, 

is found to be higher in comparison with the classrooms' indoor temperature on the 

weekend day with the lower outside temperature. 

b) Impact of solar irradiance 

The indoor temperatures of 58 classrooms from 16 primary schools with similar outside 

temperatures but different actual daily solar irradiances are studied on two different days at 

weekend. The results illustrate that in general, the indoor temperatures of the classrooms 

on the day with the higher actual daily solar irradiance are higher than that with the lower 

one. There are some exceptions to this which may be explained by the differences in the 

properties of any particular classroom for receiving solar gain. 

6.2.6.2. Building factors 

The building factors are thermal mass, solar gain potential, building layout and ventilation. 

The impact of ventilation on indoor temperature was confirmed earlier. The impact of solar 

gain and thermal mass are assessed as folIows: 

8) Impact of classrooms' potential for receiving solar gain 

Classrooms' potential to receive solar gain is related to their direction, window size, 

shading, premier zone etc. Each of these factors has a significant impact on the amount of 

solar gain that classrooms could receive and consequently on indoor temperature. The 

indoor temperatures of the classroom of three primary schools were recorded one a 

weekend day that had the highest solar irradiation and outside temperature. The results 

confirm that there is a significant relationship between the classrooms' indoor temperature 

and their window direction. In this assessment, all other factors such as window size, 

shading, and premier zone are kept constant. 

b) Impact of thermal mass 

The indoor temperatures of 58 classrooms from 16 primary schools are studied on a 

weekend day. The results confirm that the classrooms with a lower level of thermal mass 

experience a higher level of indoor temperature and the classrooms with a higher level of 
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thennal mass experience a lower level of indoor temperature during the cooling season 

(summer). 

6.2.7. Seventh finding: Conflict between environmental benchmarks 

In chapter 2 of this study, it was concluded that not only the conflict between comfort factors (Le. 

as a result of them being considered separately andlor change of conditions over the life of the 

building) means that UK classrooms fail to provide a good environmental condition, but also 

designing school classrooms based on the benchmarks which are proposed by BB 87 & BBIOI 

(updated revision of BB 87) may cause failure in providing good environmental conditions, as they 

are relaxed benchmarks in comparison to the others. In this research, it is demonstrated that BBlOl 

which is currently being used as a design guideline, sets the most relaxed thresholds for air quality 

and thennal comfort factors, which are required to be revised (similar to the acoustic section of this 

guideline which was revised to the stringent benchmarks for background noise level and 

reverberation time and included in BB93). 

Based on this research, it is discovered that the adaptive model, proposed by Nicol et al. (2009) on 

overheating, is the best criteria for assessing thennal comfort inside a classroom because not only it 

has been designed based on the adaptive model which has a better relation with occupants' 

feelings, but also provides detailed information regarding overheating by predicting the percentage 

of people that may feel overheated. 

6.2.8. Eight finding: Applying a method for calculating solar gain 

In the following formula which is proposed by CmSE TM 37 regarding the calculation of solar 

gain, only the impact of solar shading effect is considered. The fonnula does not take 

overshadowing into account: 

Solar gain inside building= 

[(Window Area x External solar radiation x Shading Coefficient)] I Perimeter zone. 

The external solar radiation can be found in CmSE external irradiation table for each orientation 

(Appendix 3). 

In this study, a new method is suggested in order to consider the overshadowing effect. A building 

is overshadowed either by other buildings (or part of the main building) or trees. In the case that a 

building is overshadowed by other buildings, the solar irradiance could be completely masked. 

Trees planted near a building could patricianly overshadow. In order to consider the overshadowing 

effect on solar gain, the following steps are to be carried out: 
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• Firstly, the probability of sunshine diagram is drawn using a method which is proposed by 

British Standards (BS no. 8206-Lighting for Building) in order to assess the period that other 

building and trees are masking solar irradiance. 

• Secondly, if solar irradiance is masked by other buildings or part of the main building itself, the 

amount of solar irradiance over the overshadowed period is considered zero. If solar irradiance is 

masked by trees, the amount of solar irradiance over the overshadowed period depends on the type 

of trees. Trees transmit different amount of solar irradiance according to their density which is 

represented as shading coefficient. Therefore, solar irradiance over the overshadowed periods 

should be multiplied by shading coefficient of the trees which obscures the main building. 

MacPherson (1984) proposes the shading coefficients (percentage of transmission) of different 

types of trees. 

Thus, in order to calculate the solar gain, the 'external solar radiation' should be adjusted. An 

example of this adjustment can be seen in 'Scenario 1, 2 and 3 in chapter three'. Thus a modified 

solar gain formula is suggested as follow: 

Solar gain = 
[(Window Area x External solar radiation (considering the overshadowing effect) x Shading 

Coefficient)] I Perimeter zone. 

6.3. Limitations 

There were two limitations in this study that are explained as follows: 

6.3.1 First limitation 

One of the main focuses of this study is on overheating in primary school classrooms which are 

located under the Heathrow Airport flight path in the summer duration of an academic year (June 

and July). As explained in chapter 3 of this research, indoor temperature is mainly affected by 

building and climate factors. The building factors refer to solar gain, thermal mass level, ventilation 

and internal gain. The climate factors are mainly related to the outside temperature and solar 

irradiance. 

Carrying out such a research in a warm summer provides an opportunity to more clearly study the 

impact of building factors on indoor temperature. The summers in which this research was mainly 

carried out (Le. June & July 2007 & 2008) were not warm summers. In fact they could be 

categorised as the coldest summers during the last 10 years. 

The following graph (Graph 6.6) shows the mean and maximum London temperatures for the last 

10 years. As can be seen, the temperatures in June & July of the years of 2007 & 2008 are the least, 

and far less than average. 
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It can therefore be concluded that one of the limitations of this study is related to the cold summers 

in the years of 2007& 2008, as the majority of this study was carried out in these two years as 

opposed to 2005. However, it should be noted that despite the coldest summers (2007 & 2(08) in 

the last LO years, the classrooms still experienced overheating during these months. 
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Graph 6.6: June and July London temperatures during last J 0 years 

6.3.2. Second limitation 

One of the main factors that control overheating in buildings is the u age of heavy thermal mass 

material. It would have been useful to study Victorian buildings (which are of a heavy thermal 

mass), but there were none located under the flight path. A study on such buildings would have 

shown how heavy thermal mass building may compensate the lack of ventilation in removing 

excessive heat. 

6.4. Further research 

Further re earch could be divided in two parts: 

6.4.1. Part 1 

Further research could be carried out in order to pot any otller current conflicts between comfort 

factors inside cia srooms (which reduce environmental comfort conditions), and also to assess 

schools and classrooms in terms of their potential to experience any conflicts between comfort 

issues in the future. 

It is suggested that a further section is incorporated to the comfort sections of the existing design 

assessment tools, to evaluate the current and future potential conflicts between comfort issues in 

buildings. 
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In order to assess the potential future conflicts in the design stage many questions such as the 

followings are required to be answered: 

What will be the future road development around the schools that may have impacts on 

schools' background noise? 

What will be the future buildings developments around the schools (specifically their 

possible height should be considered) that may have impacts on the schools' potential to 

have both natural ventilation and natural light? 

6.4.2. Part 2 

The overheating control techniques which were mentioned in chapter 3 of this research should be 

assessed for the schools under study by simulation software in order to discover how these 

techniques can decrease the overheating risks in the future life of the schools' buildings, especially 

for the ones located under the flight path. It is beneficial that the cost and feasibility of these 

techniques are assessed. 
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Chapter 7: Conclusion 
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Conclusion: 

As per the results of literature review, it can be concluded that providing good environmental 

condition has a significant impact on children's performance and also their health. 

Good environmental condition in this study refers to providing thermal comfort, lighting comfort, 

acoustic comfort and air quality. Providing all of them together is critical as they are interrelated 

with each other and could conflict if they are considered separately, if the conditions over the life 

of the building change or the relaxed benchmarks are used to design in the first stage. 

As a result of this study, it can be suggested that the two main reasons for poor environmental 

conditions are, firstly, the conflict between comfort factors (thermal, lighting, acoustic comfort and 

air quality) as they are interrelated and secondly, the use of the relaxed thermal, air quality, 

acoustic and lighting benchmarks. 

One kind of conflict that is mentioned in this study is the conflict between acoustic comfort with 

thermal comfort and air quality. It was objectively and subjectively proven that occupants of the 

schools which are located under the Heathrow Airport flight path keep their windows closed (to 

prevent external noise from entering classrooms) during subjects that need extra concentration such 

as maths, science & literacy and also silent and lecturing activities. Due to this fact, schools located 

under the flight path have a lower potential to have natural ventilation through windows and 

consequently have a higher risk to experience overheating and poor air quality. 

The overriding conclusion of this study is that window is not a sufficient means of natural 

ventilation for schools which are located under flight paths, to keep indoor temperature at a 

comfortable level and provide fresh air. Due to global warming, according to the current set of UK 

climate scenarios, it is predicted that average temperature during summers will increase by 7°C by 

the end of this century. This will have a significant impact on overheating in naturally ventilated 

schools. In addition, the lack of ventilation due to aircraft noise will be added to this problem and 

causes the classrooms to be overheated more significantly in the future. 

One of the techniques to control the impact of global warming on overheating in London primary 

schools is to produce the cool island effect on a small scale by planting vegetation, trees and usage 

of water. Wind also boosts the benefits of Cool Island effect (due to the fact that wind speed is 

considerably high in London). As natural ventilation through windows is not possible in the 

schools which are located under the flights, it is possible to reduce the overheating risk by 

controlling solar gain, internal gain, design lay-out and by use of heavy thermal mass material 

instead of low and medium ones. Each of the mentioned factors can be controlled as follows: 

• Solar gain should be controlled by introducing shading strategies during summer (but not 

winter). It should be noted that the direction and shading should be designed in such a way 

so as not to cause glare or reduce daylight factor. The solar radiation which enters the 

324 



space from the east and west window causes higher glare and overheating than the north 

and south, if the windows are not controlled. 

• The heavy thermal mass surfaces should be used in summer to store the excessive heat and 

covered up (e.g. carpet) during winter. 

• Internal gain could be controlled by selecting the equipment and lighting systems which 

produce lower levels of heat. 

As mentioned earlier, the ventilation rate which is needed to remove heat is higher than that 

required to remove CO2• For this reason, it is beneficial to use different techniques of natural 

ventilation to remove excessive heat. Night time ventilation could be a solution for thermal comfort 

purposes for overheating risk reduction to provide thermal comfort for classrooms which are 

located under the flight paths. As control of ventilation is one of the methods of controlling 

overheating, it is possible to reduce the overheating risk by controlling solar gain, internal gain, 

design layout and by the use of heavy thermal mass material instead oflow and medium ones. 

Ventilation shafts may be adapted as a suitable means of ventilation for both purposes of thermal 

comfort and fresh air. The ventilation shafts which are proposed by different companies can be a 

suitable solution to provide air quality for schools located under flight paths, as they have the 

ability to attenuate the noise level by up to 30dB. For this reason, they can be adapted for such 

classrooms within the noise counter of less than 65dB to meet the recommended background noise 

level of35dB (Table 7.1). 

Figure 7.1: Noise contours map of Hounslow Borough 
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Aircarft nosie Attentiation level Noise level inside 

27 Le 
60 le 30 le 30 Le 
63 Le 30 Le 33L 
69 Le 30 Le 
72 leq 

Table 7.1: Internal aircraft noise after attenuation by ventilation shaft 

For schools which are located on the noise counter of higher than 65dB, mechanical ventilation 

systems need to be adapted for providing good air qUality. It should be noted that excessive care 

should be taken into account to ensure that the level of noise produced by mechanical ventilation is 

lower than the recommended benchmarks for the background noise level, and also the system do 

not make high drafts that make the occupants uncomfortable in situations where classrooms require 

the purge ventilation of 8 Us per person . 

In addition, in this study it has been shown that the school overheating benchmarks which are 

proposed by Building Bulletin are the most relaxed ones (among the fixed benchmarks) in 

comparison to the benchmarks proposed by other organisations. This may be one of the reasons 

that the UK classrooms designed based on BB 101 criteria suffer from overheating. 

Furthermore, it has been suggested in this study, that the occupants' satisfaction from indoor 

temperature is more correlated to the adaptive rather than the fixed thermal comfort. Therefore, 

there is a gap between predicting thermal comfort (based on the fixed model) and actual occupants' 

feeling inside a classroom. 

It may therefore be beneficial to replace the fixed models with the adaptive model (considering 

Nicol overheating criteria) as it better represents the occupants feeling regarding thermal comfort. 

Nicol's criterion is not only designed based on adaptive model which has a better relation with 

occupants' feeling, but also provides detailed information regarding overheating by predicting the 

percentage of people who may feel overheated and considers the type of occupants inside 

classrooms, while overheating criteria based on the fixed model only determine whether the 

classrooms are overheated or not. 

It is suggested that the current building design thermal benchmark (i.e. BBIOl) for the UK primary 

schools to be revised considering Nicol' s formula. 
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Appendix 1: Selecting samples: 

Appendix I .A: 

Cor responding with Hounslow Council: 

Request 

FROM: Azadeh 

TO: rob.gibson@hounslow.gov.uk + 

Dear Mr. Gibson 

It was nice to speak with you on the phone yesterday 
afternoon. As I mentioned, I am a PhD student of 
London metropolitan university and I would be 
delighted if you answer my question as soon as you 
can. 

For my Master research I was looking at the reasons of 
overheating in London primary school, especially the 
ones which suffer from aircraft noise. 
In this research it was found that schools which are 
located in noisy areas such as near Heathrow Airport 
suffer from overheating more than those in quiet 
areas. The reason is partly due to the student's 
preference to keep the windows closed most ofthe time 
to get rid of air craft noises. 

Currently for my PhD thesis I want to look at the 
level of ventilation and conflict between aircraft 
noise and comfort internal temperature. therefore I 
must concentrate on the environmental condition of 
Hounslow primary schools in depth. 

I read an article with the title of "Multilevel 
modeling of aircraft noise on performance test in 
schools around Heathrow Airport London" which was 
written with M M Haines, S A Stansfeld. J Head, R F S 
Job. 
In the 2nd table of this research, Hounslow primary 
schools classified in two categories: 29 of them 
located in area with moderate level of noise & 16 of 
them located in area with high level of noise. 

It would be extremely helpful if you let me know the 
name ofthe primary schools that face high levels and 
moderate level of aircraft noise. 

I would be happy to give a copy of my research to the 
council after it's finished, if it will be of any 
interest. 

Many thanks, 

Azadeh 
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RE: Request " 1 Hide Ol'olls 

.~ Rob Gibson • 

TCk Azadth 

TuesdaY, 27 FfIIlruIIIy 2007, 11 52 

cc: John Mundy 

h!!P://www.hounsk!w.gqy ukfndexleducalion and !elminglschaols and coleaes 

Dear Azedeh 

Further 10 your e-mail below. 

The lin!< above takes you to a w&bpage with the conlacl details of al Hounslow schools. 

The particular schools I think you may be inleresled In are as follows 

Primary Schools 

Beavers Cornmurity School 
Bedfonl Jooior School 
Chatsworth Infants and Nursery School 
Cranford Junior School 
GrtI\Ie Park prmary School 
Hounslow Heath JLI1ior School 
Norwood Green Junior School 
~hant Infants and Nursery School 
SpmgweIlnfanIs and Nlllsery School 
51 Michael"s and 51 Mart-.'s Primary School 
WeIilglon PrWnary School 

Secondary Schools 

Cranford Cormuity School 
Lampton al Secondary School 

MaIjory Kmon School 
the Cedars Prinary School 

These are the schools that we consider 10 be the noislesl in Ihe borough. 

In relation 10 yoII' pnljecl generaly, this is of greal interesl to the Counci as we are conlinualy striIIIrQ to improve the facIIies we offer to 
chidren and demonstrate the effecl Heathrow has on the borough. You should be aware that the counci IUCcessfuly lobbied for irnproIIemenIs 
to our schools in ..... Iion 10 noise insIAlion through the AJr Transport While P_ December 2003, paragraph 3.21 . 

In response to this the airports operator, BAA, has sel up • community noise instialion programme and I haYe included the websiIes .tdress 
below. I beIeve this ~ wi be considering _lialion issu.s. 

http://www huJhrpwajrport com/por1I!Icon1!lllerldjspltcher jsD? 
CiIP-3Qca6e!!c812fc010VgnVCM1QQQOO36821cOl &eUP-448c6a4cZMbOQlovaOVCM2QQQQ0357.,2Ol ICM!2C CT GENERA!.&R 
oo!QI~ 
2!»1e~tjoo+board&CbI[)aft486e!!c812fl:Olova0VCM1QQQQ036821COl &CbPI""'Ltn 
5EAbou!+t!M+t!eatl!!!zwMECG!muity+jnsu!atjoo+board&ChIPP,""'bde597c!c2ebl2010VqlVCM1QQQQ0147el200 % 
5E8151!!ldc2ebl2010\!qlVCM1OOOQ0147t1200 ME!e488ege812fl:010\lgnVCM1QQQQ038821cOl 

1\ may be worth conlacUlg !hem, al the YO<'J !easlto establish whal their programme 01 work is, so thel you can prograrnne your work around 
this, if appropriate . 

Whist we ..... II ~ busy be", at the cound I am more than happy to offer further assistance with your project, rnaWy in terms 01 contacts 
within our education departmenl and/or BAA if \his would be of any help. 

I would also be YO<'J interested to see \be results of your work. 

FIIIIy I haYe copied in my ~, Mr John Mundy, part of tis role is to look at school buildings a with respect to noise etc so be may go to 
offer more assist.anee. 

Please do not hositale to contact me again if you think I can assislfurtber in any way. 

Reganis 

Rob Gibson - Head 01 EnWonmentaI Stralegy, London Borough of Hw1SIow 
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- Appendix l.B: 

List of quiet schools from Shield study: 

Occupied Unoccupied 
Corridor 

Borough School 
LAeq Lmax minL 199 190 l10 subjective teaching teaching 

or foyer 
@4m @4m @4m @4m @4m @4m impression space space 

LAeq 
LAeq LAeq 

Haringey Coleraine Park Primary 50.1 64.7 42.5 44.5 46 52.5 quiet 74.6 47.5 
Haringey Ferry Lane Primary 54 65.1 48.2 49.5 48.5 56.5 quiet 70.7 53.4 48.1 

Haringey Lordship Lane Infants & Juniors 48.7 55.9 46.7 47 47.5 49.5 quiet 71.9 50.5 

Haringey St Gildas' RC Juniors 56.6 71.7 42.1 42.5 44 60.5 quiet 65.2 47 
Haringey St Ignatius' RC Primary 75 92.8 53.7 54 59.5 77 noisy 68.7 41.2 50.1 

Haringey St Paul & All Hallows CE Infants & Juniors 50.5 61.3 40.4 42.5 45 53.5 quiet 76.9 60.6 55.1 

Haringey Stamford Hill Primary 59.5 74.9 51.1 52 54 61 quiet 72.9 47.4 53.7 
Haringey The Green CE Primary 56.7 67.9 51.2 52 53.5 58.5 quiet 73.7 52.2 50.5 
Islington Ambler Primary 67.8 BO.9 47.5 49 52 71.5 quiet 70.4 46.4 66.2 
Islington Ashmount Primary 59.9 73.9 37 37.5 43 64 quiet 65.8 50.2 48.1 

Islington Blessed Sacrament RC Primary 67.5 59.7 47.4 52.3 54.8 70.5 quiet 70.7 54.1 61.8 
Islington Hungerford Primary 51 60.1 47.2 47.3 48.3 52.8 quiet 69.5 37.8 61.2 
Islington Pooies Park Primary 57.9 75.1 44.4 45.5 46.5 58.5 quiet 70.2 59.6 
Islington St John's CE Primary, N19 66.2 79.9 54.7 56 58.3 68.6 quiet 65.2 44.7 79.7 
Islington St John's CE Primary, N5 62.9 83.9 47.3 47.8 49.3 61.3 quiet 67.7 37 51 
Islington St Luke's CE Primary 59.8 74.2 51.4 51.5 52.5 61.5 quiet 70.4 61.7 50.3 

-- ---

Table 8-1: List of quiet schools from shield study 
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- Appendix 2.2: Students' YI to Y3 questionnaires 

Deul\fiss ...... 

Please ask your student to voting the foUotring q em by ni . g their hand. 

• How wen can you concentrate wheo airplane passes over the school? 

• Are you distracted wben airplane passes over the school? 

• Are you distracted hen noise coming fro er classroom? 

• Are you distracted wben noise com.I.nJ fro aD and play pmmd? 

• Are you distracted hen classroom became l'fUDl? 

Imagine you must choose to go one of the fonotriDg dassr 
pick? 

ewouldyou 

A. A quiet classrooms • No alrcnft noise b hnl'lll ud stuffy 
B. A cool (Pleasant) classroom but bean the aim'aft D' time to time. 

Thank you for helping e with my project! 
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- Appendix 2.3: Students' Y4 to Y6 questionnaires 

Noise and Temperature Project 
My Project is about noise and temperature inside your classroom. I would like to 

you help me by filling this worksheet for me. 

Read the question and put a tick " inside the box to show your answer. 

1-Are you 8 boy or a gir1? A. Boy D B. Gir1 D 

2-How often dOYOu get di stracted from your activities by noise comingfrom other 
claSSl"ooms? 

A. NeveO B. Sometimes D c. Often D 

3-Howwell you can concentrate when you hearthe noise from other classroom? 

(.:.:) Q Q (~ Q 
vary wall well ok not vent_waif not.t." 

4-How often do you distracted from your activities when noise iscomingfromthe 
hall or-playgr-ound? 

A. Navar D B. Sometimes D c. Oftan D 

5-How well you can concent r-atewhen you hear-the noise fTom the hall andthe 
playgmund? 

ok 
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6. How oft:en you distracted from your activities when an airplane passes over the 
school? 

A.. Neyer D B. Sometimes D c . OftenD D. Alwllys D 

7. You're in your classroom and you are listeningtoyourteacher. An airplane 
passes overthe school. How well can you hearyourteacher? 

Q Q Q (::) G 
vary well wgll ok notygrywell not at all 

8. You are doing a quiet activity and it needs concentration (e.g. reading a book, 
doinga math exercise). An airplane passesoverthe school. How well can you 
can concentrate? 

Q Cd Q G G 
vary well wgll ok not yerv wa'* not at alii 

9. Have you ever asked yourteacherto close the window duringsummerterms 
because you were annoyed by aircraft: noise? 

A.Yes D B. No D If yes. how many times? 

10. Which year were you in when you first started attending this school? 

12. DOYou hear aircraft: noise at home? 

A.Yas D B. No 0 

13. If you hearthe aircraft: noise at home, please write how many years have you 
been livingat that address? 

I I 
14. Doyou think you are used to the aircraft: noise? 

A.Yn D B. No D 
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15. How often your classrooms become hot and stuffy during summer? 

A_ Navar D B_ SomatimasD 

16. How well you can concentrate when the classroom becomes hotandstuffy 
durlngW,lmauu: 1 

C~ Q Q (~ @ 
vary_It wall ok notv8ry_1t notata. 

17. Have you ever asked your teacherto open the w indow during summertenn 
because you were annoyed by overfleatlng? 

A..VRS D B_No D Ifyas, how m8nytimas? 

18. Imagine you must choose to go one of the following classrooms, which one 
wouldyou pick? 

A. A quiat classrooms, No Bircraltnoisa butwarm and sb.Ify 0 

B. A cool classroam but haarthaBiraaltnoisatimatotima D 

Thank you for helping me with my project! 
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Appendix.3: Solar irradiance data 

Maximum hourly beam, diffuse solar irradiances on different surfaces from Jan-Dec 
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Table 8.2: Design 97.5 percentile of beam and diffuse irradiance on vertical and horizontal surfaces: London area 
(Bracknell) (1981- 1992) (Jan-Marcb) extracted from Cm SE Guide A (2006) 
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Table 8.2 (continued): Design 97.5 percentile of beam and diffuse irradiance on vertical and horizontal surfaces: 
London area (Bracknell) (1981-1992) (Jan-March) extracted from CmSE Guide A (2006) 
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Table 8_2 (continued): Design 97_5 percentile of beam and diffuse irradiance on vertical and horizontal surfaces: 
London area (Bracknel\) (1981 - 1992) (luI -Sept) extracted from CIBSE Guide A (2006) 
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Table 8.2 (continued): Design 97.5 percentile of beam and diffuse irradiance on vertical and horizontal surfaces: 
London area (Bracknell) (1981-1992) (Oct-Dec) extracted from CmSE Guide A (2006) 
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Appendix.4: Overheating calculation for each classroom in 2005, 
2007 and 2008 according different criteria 
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Table 8.3: Overheating calculation for each school according different criteria in 2008 
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Appendix 8.4: Overheating calculation for each school according different criteria in 2007 
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Table 8.5: Overheating calculation for each school according different criteria in 2005 
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Appendix.S: Overhang coefficient 

~Qrr~IQn f!!c!!!rs f!!r nil: wt~! QY!!!hgngl 
(_. overhang i. at least twice as wide as window, 

or where window width and overhMg v,;dth we at leal five times the window height) 

Ration DIH Correction lactorlor staled v,;ndow orientation 

N NEINW EIW SE/SW S 

0.2 0.919 0.893 0.875 0.83 0.767 

0.4 0.846 0.797 0.76 0.671 0.545 

0.6 0.785 0.716 0.661 0.537 0.362 

0.8 0.734 0.649 0.579 0.433 0.324 

0.592 0.594 0.512 0.36 0.301 

1.2 0.657 0.549 0.459 0.312 0.285 

o is depth of DYIIrhand measured frOln glass and H 18 height of window 

CQrm:tlon fack!rs fQr nil: wid! wlndC!WJ 
(_e the window width IW1d 0II8rhang width we twice the window height) 

R8Iion D/H Correction factor lor stated window orientation 

N NEINW EIW SE/SW S 

0.2 0.926 0.902 0.88 0.837 0.78 

0.4 0.8n 0.824 o.n& 0.&94 0.592 

0.6 0.841 0.784 0.666 0.578 0.459 

0.8 0.81& 0.72 0.619 0.495 0.414 

0.798 0.666 0.563 0.444 0.398 

1.2 0.784 0.661 0.519 0.416 0.388 

o 18 depth of ~Md meesured IrOln glass IW1d H Is height of v,;ndow 

Cof!JC!!on faCWS for sguara window! 
(_e the window width and ~ang width we equai to the v,;ndow height) 

Ration D/H Correction factor for stated window orientation 

N NEINW E/W SEISW S 

0.2 0.937 0.91 0.865 0.843 0.794 

0.4 0.9 0.849 0.792 0.715 0.636 

0.6 0.8n 0.811 0.717 0.617 0.531 

0.8 0.661 0.766 0.658 0.552 0.497 

0.85 o.n 0.611 0.518 0.486 

1.2 0.842 0.759 0.574 0.503 0.479 

o i. depth of OIIIIrhand measured frOln glass IW1d H is height of window 

Correction factors 'or narrow windows 
(_. the v,;ndow wklh and overhang width we hatl the v,;ndow hatght) 

R8Iion DIH Correction lactor for staled window orientation 

N NEINW E/W SEISW S 

0.2 0.949 0.824 0.895 0.856 0.794 

0.4 0.926 0.69 0.821 0.756 0.636 

0.6 0.912 0.873 0.767 0.885 0.531 

0.8 0.903 0.884 0.727 0.843 0.497 

1 0.897 0.856 0.694 0.625 0.466 

1.2 0.892 0.854 0.669 0.619 0.479 

o is depth of DYIIrhand measured IrIlIn glass IW1d H 18 heil1lt of v,;ndow 

Table 8.6: Overhang coefficient for different overhang extracted from extracted from CIBSE.TM37 (2006) 
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Appendix.6: Maximum hourly and daily global solar irradiances for the months 
of June and July 

The following tables, which were extracted from the CIBSE Guide A, show the maximum 

hourly and also maximum daily (sum) global solar irradiances on different vertical as well as 

horizontal surfaces for the months of June and July. The data from CIBSE is for a day with a 

clear sky and therefore the maximum possible daily (sum) global solar irradiance. 
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Table 8.7: Hourly and maximum daily (sum) global solar irradiances on 

different vertical as well as horizontal surfaces for the month of June 

July 

s.aat(\\'IUMMlrlSqrn)J..w 

2 .. , 

-..... 
.1lI 

-
1_ 

.793 . ... 
-"49 

"" 

.. "" 1!:.1I " :..11 .,"" .. "" .. '" 11:JI 1I:J1 12:.11 1J:lt .4:11 15:.. 1':..11 11:.11 •• :31 1t:ll -". 
'-- ("'.Lbnu~) JW) 

Meanhourlvin1lduWlce IW.m-2 for statod solar lJrml from wrrise 10 aunset .. ., 
U. 

05 

6' 
n. 
." 
" ... 
40 ., 
13 

0 ,. 
" 0 
16 

" 0 

16 

" 0 

" " •• 
II .. 

.n " 0 0 0 0 0 0 0 0 0 0 " 12' 87 " M " 103 llO 121 on .40 '4' 112 123 J 13 'CIl 78 62 " 18 ... , .. III III III 'll ,. ,., 1.12 ,1) III '02 IS. 'Il III " " 
,.. • 0 0 0 0 0 0 0 0 0 0 0 

.m 111 '46 '41 J:12 .,. .40 '41 132 lZl ,m ., M " "' 6 .... '" ... .., 15' , .. , .. ,., UJ '" '07 .. .. l5 .. • 
)]I 46. 51. "" 

.,. 263 90 0 0 0 0 0 0 0 0 0 

"" ,.7 ". '79 . .,. .16 .44 "'0 132 lZl .07 " M " •• , .. , - 00' ... ... .. , .... 1M III U, '07 .. .. II .. • 
'48 773 31' .'" .,. '" '" .90 11 0 0 0 0 0 0 0 

'" 113 '" 17' '" , .. '79 '62 17A 131 ,m lIS ... " , . , 
'" .. III 12' ... .. .. liZ '" III '07 .. .. II ,. • 

0 0 ~ ." ,.., 
" 3" 16' 17 2.16 m 'It) 0 0 0 0 

" 61 " 12 ' .,., 113 '" '''' m 1:!6 ,,. 10 11 " " , 
II " '" ... ]tJ 49' .. .., ... -... ,. " II .. • 
0 0 0 0 0 7 17 320 . '"~ ... ,., m 147 40 7 

" !II R5 04 '29 " 16 ' .110 '" .. .,. 
'''' .21 67 J9 , 

]J .. .. '14 '20 '" ... -... ... ." •• m Z" 71 12 
0 0 0 0 0 0 0 92 ,.. 401 49' ,,. 4:19 329 '44 '" " !II R5 ' 04 121 ,n ••• .44 ' 05 18' '84 173 '" '02 .52 20 
]J .. .. '14 U, 'll , .. ... - .... .,. ... ." .. , ." .. 
0 0 0 0 0 0 0 0 0 117 254 '" J77 '" .M " " '" 1l'l . 04 121 '33 ' 40 ,., 

'" 13' '47 '45 '" '00 ,. 23 
]J .. • .14 III '" , .. ,., , .. ... ., sa .11 '" 221 .. 
" ,9' , 9 " 627 .. "'" 62Ii $45 .,. 3D .90 82 •• 0 
HI '10 "' '" .43 " .62 "2 '" 

., 
" " '" , ... ., .., m ... "' III Ilt 111 .. ." • n 1O7 ... .. U 

Table 8.8: Hourly and maximum daily (sum) global solar irradiances on 

different vertical as well as horizontal surfaces for the month of July 
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Appendix.7: Internal gain 

Appendix.7.1: Equipment gain 

'JYpe of equipment Power consumed I W 

Full Standby Ann"gewhen 
opctItioD mode ,witched on 

Desktop PC (without SS 2S 50 
monitor) 

Laptop PI: IS 

CRT monitors: 

I~ incb 61 19 40 
171ncb 90 9 50 
19incb 104 13 S8 
21lncb US 14 7J 

Lnl moniton: 
IS incb 12 3 7 

- 171ncb 17 5 11 
- 20 incb J2 9 20 

PnDten: 
dOl mauh: 50 2S 30 
impact 37 17 19 
inklet 43 13 15 
Imoll dC5~tOP .... r 130 10 22 
desktop I ... r 215 35 53 
,mall om~ last:.r no 70 lIS 
huve otrtcC laser 550 125 200 

Copiera: 
- desktop 400 20 ~3 
- office 1100 300 350 

FumacblM 30 IS 16 

Scanner 25 15 16 

Table 8.9: Average power consumption for office equipment 
extracted from CmSE TM37 (2006) 
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IWOpU)'a' 17 

Componr:lll tttrw +I 

Colilpactueno 21 

Atierowlvr oven 1390 

Rdriatntnl'l: 
- A-nttd 16 
- c..nted )1 
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- (hesl (A·"'Iece . 24 
- cbc.t (C-ratcd) .. 
- upnlhl (A'rlled) 2. 
- uptiCbt (erMed) .1 

Frtdae·fraun: 
- A"",td J6 
- Crated 00 

·07:30-":30 

10 

Ayt:ntt°n 
rnlde.oWli 
'I.ImrKrday-

1I 
24 
II 
II 
17 

1I 

Il 

16 
Jl 

24 
lI> 
2. .. 
J6 
60 

Table 8.10: Average power consumption for domestic equipment 
extracted from CmSE.TM37 (2006) 
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Appendix.7 .2: Lighting gain 

Mounting 

Rec sed 

Surface 

lYpe offlttin, 

Schematic 

ro 0 001 
.::::j '· '1 I I Ii I t l=: 

LO 0 0 0 ) 

1$<1 

Description 

Open 

Loune 

Prismatic or opal diffuser 

Open 

Enclosed ptu.matk or opal 

Enclosed prismatic on metal 
spine 

EntrllY distribution 1% 

Upwards Downwards 

38 62 

45 55 

47 

12 88 

22 78 

6 

Table 8.11: Measured energy distribution for fluorescent fitting having for 70 W lamps 
extracted from CmSE TM37 (2006) 
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Appendix.8: Compare indoor temperature with adaptive, f'txed thermal comfort 

and maximum allowable deviation from adaptive thermal comfort. 

Appendix 8.1: Daily mean outside temperature (i.e. Mean T out), thermal running 
temperature (i.e. Trm), adaptive thermal comfort (Tc) and maximum allowable 
deviation from adaptive thermal comfort (Catll and CatID). 'Tc', 'Catll' and 
'CatID' are calculated from the following formula: 

• Tc=O.33Trm+18.8 

• Catll= Tc+3K and CatIII= Tc-t4K 

AI" 0_' 

2008 2007 2005 

DIY Date 
Mean 

Trm Tc Cltll Cltlll Day Date 
Mean 

ITnn Tc ICltIl Cltlil DIY Date ~:: ITrm Tc Catll 
Tout Tout 

Man 109/06'200Il 20.96 16.6I! 2<30 21.3:) 28.30 IMon U/06I200J 18.38 17.SO 2'.58 127.58 28.58 r,y.d l5/0612<X1'> 15.38 115.00 23.15 126.15 
Tu. I Hl/06I2OOIl " .22 17.53 2 .. 59 21.59 28.5' ITu. 12/0612007 18.63 117.68 24.63 127.63 28.63 iThu 16/06I2<X1'> 17.29 15.011 23.n 126.77 
Wed 1111_ 16.42 17.81 2'.10 21.10 28.10 Iw.d 13/06I2OOJ 18.23 117.81 2'.70 127.10 21.10 IFri 17/06I2<X1'> 21." 15.52 23.92 ' 26.92 
Thu '210612OO1l 1.21 ' .511 2"80 121,80 28.80 IThu 1/0612001 18.13 7.94 2 • • n 127. 28.n IMon 12OI06I2<X1'> 23.13 119.63 25.28 .28.2B 
F,' 113I0&'2000 13.38 I • . 2"31 121.31 28.31 IF" "0612001 ' .06 l7.9B 2'.13 127.13 21.13 ITue 121I06I2<X1'> 20.13 12M3 25.51 ,28., 

Mon 116I06I2OOIl 14.38 15.511 23.94 126.94 27.94 IMon 18/0612007 16.00 17.25 2H. 127.4. 28.49 r,y.d 122/06I2<X1'> 22.27 120." 25." ' 28. .. 
Tu. 117I06'200Il 15.96 15.: 23.88 126.86 27.88 lTu. 19/06I2OOJ 18.63 117.00 2'.41 127." 28.', iThu In/06I2<X1'> " .46 120.78 256E ' 28.66 

Wed I 1810612OO1l IS." 15.46 23.90 126.90 21.90 IWed 20/0612007 18.1. 117.32 2'.52 127.52 28.! IFri I 24/0612<X1'> 21 .1. 12!.52 25.90 28.90 
Thu I 19/06I2OOIl ' .00 15.46 23.90 126.90 21.90 'Thu 2110612007 17.00 '.49 24., 127.51 2B.' Mon I 2710612<X1'> lB." ' 19.74 25.31 28.31 
IFrl 12(V06I2OOIl 15.29 15.77 24.00 121.00 28.00 Fr; 22/0612007 15.71 '..39 24." 127." 2B." Tu. 128/0612005 19.29 19.59 25.26 28.26 
IMoo 123I06I2OOIl 1 • .• 7 16.25 2'.1. 121.1. 28.1. Mon 125/0612007 13.75 16.3' 24.1' 127. 2 • . 19 W.d 129/0612005 19.23 19.53 25.2' 28.2. 
lTue I 2410612OO1l .38 116.34 2'.19 21.1' 28.1' Tue 126/0612007 13.50 15.83 24.01 127.01 21.02 Thu IW06l2005 16.65 19.'7 25.22 28.22 

17.81 116." 2'.26 127.26 28.26 w.d 71061200J 14.09 15.36 23.: I 26.B1 21.Bl Fri 101l07/2<X1'> 1.04 18.90 25.04 28.04 

iThu 1261_ 1 • . 40 116.11) 2'34 127.34 28.34 Thu 128/0612001 14.75 15.n 23.79 126.79 27 .79 Mon 104/D7/2<X1'> 14.44 1820 24.80 '80 
IFrl :27/_ 17.48 116.n 2432 127.32 28.32 Fri 129/0612007 17.25 15.04 23.76 i 26.76 27.76 Toe IOS/D7/2<X1'> lA.15 17.44 24.56 27.56 

IMon Q/- ' .42 24.52 21.5: 28.52 Mon 1107/2OOJ 16.00 15.98 24.07 127.07 18.07 W.d 106107/2005 15.94 16.7B 24.34 27.34 
Tu. ID1ID712OOe 20.25 17.36 24.53 121.53 28.53 Tu. 103/07/2007 15.50 15.98 24.07 ' .07 2B.07 Thu 107/07/2<X1'> 15.48 1661 24.28 27.18 

17.52 17.94 2'.12 I 21.n 28.n Wed 104/01/2007 15.50 15.89 24.04 ' .04 18.04 Fri I <BI01/2<X1'> 16.56 16.3' 114.21 2721 

iThu I03ID712OOe 1 • . 25 17.85 24.69 121.09 28.69 Thu 105/07/2007 16.13 15.81 24.01 '.112 21.02 Mon I 11/07/2<X1'> 23.02 17.68 124.63 27.63 
IF., 1000Dl12OOe 16." '.53 2459 121.59 28.59 Fri O6ID7/2OOJ 16.25 15.87 24.04 127.04 21.04 Tue I 12/D7/2<X1'> 20.60 18.75 124.99 17.99 

Mon 17/D712OOe 15.10 17.11 2445 L2L45 28.45 Mon I 09/07/2007 14.75 16.14 24.13 117. 28.13 Wed I 13/07/2<X1'> 22.63 19.12 125.11 28. 

lTu. O8IDl12OO1l 16.02 11 • . 71 2431 127.31 28.31 Tue I,01D7/2OOJ 15.25 15.87 24.04 ' .04 28.04 Thu 114107/2005 24.23 19.12 125.34 28.34 
15.13 116.51 2 .. 27 121.27 28.27 Wed 11/07/2007 16.71 15.74 23.99 .2~99 .27.99 Fri 1l5/07/2005 22.17 20.70 125.63 28.63 

IThu 1()/0712OOe 17.1' 11 • . 28 2 .. 121.11 28. Thu U/07/2001 18.29 15.94 24.06 27.06 2 • . 06 Men I 18/D7/2<X1'> " .23 20.97 1>S.n 28.n 

IFri 111011200e 16.02 116.46 2'.23 121.23 28.23 Fri 113/07/2001 19.00 16.U 24.21 27.21 28.21 'ue I 19/07/2<X1'> 17.73 20.62 125.61 128.61 
Mon 14I0112OO1l 18.35 115.93 24.06 121.06 28.06 Mon 116107/2007 19.38 24.66 '.66 2B.66 w.d 120107/2005 19.33 20.04 125.41 128.41 

~ue 1S/0112OO1l 20.60 116.42 24.22 121.22 28.22 'ue 17/07/200; 17~38_ 18.09 24. 2B. Thu !21/07/2005 ~46 19.90 125.31 128.31 
IWod 16/07/2OO1l 17.73 117 25 2449 121.49 28.4' Wed 1,8/07/2007 lB. 17.0S " .n 27.n 2B.72 Fri 122/07/2005 17. 1941 125.21 128.21 
~hu 17/0112OO1l 16.40 '.36 24.53 127.~ 28.~ Thu 119/07/2007 17.50 17.98 24.13 ' .13 28.73 Mon 1'15/07/2005 16.02 1860 124.94 127.94 

IFrl 181011200e 16.85 '.16 24.46 121.46 28.46 Fri 120107/200; 16.75 1.89 24. 27.70 2B.70 'ue 126107/2005 16.61 1809 124. 117. 
IMon 21107/2OO1l 15.96 116.86 2'.31 121.37 28.37 Mon 123/07/2001 16.00 16.94 24.30 '.39 28.39 W.d 1~2OO5 13.n ' .80 124.67 I~ 

Table 8.12: Daily mean outside temperature (i.e. Mean Tout). thennal running temperature (i.e. Tnn), adaptive 
thennal comfort (Tc) and maximum allowable deviation from adaptive thennal comfort (CatIJ and CatllJ) in 2008, 
2007 &2005 

Appendix.8.2: Mean and maximum percentage of dissatisfaction from overheating for each 
day. 
Appendix.8.3: Maximum allowable deviation from adaptive thermal comfort for each day 
Appendix.8.4: The percentages of occasions that indoor temperature exceeds 25° J 28"C for 
each day 

It should be noted that the following tables only show part of the whole data that are 
calculated as sample. 
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Cat'" 

27.15 

27.77 
27.9: 
29.21 
29.51 

29." 
29.66 
29.90 
29.31 
29.26 
29.14 
29.22 
29.04 
28.80 
28.56 
28.34 
28.28 
28.21 
28.63 
28.99 
29. 
29.34 
29.63 
29.n 

29.61 
29.41 
29.: 
29.21 
28.94 
28.77 

-~ 



Appendix.8 

Appendix.8-2 Appendix. 8-3 Appendix.8-4 

... 
~ Classroom. Day Mean and maximum 

Moxlmwn allowable 
The percenlages or occasions 

~ percenlage of 
deviation from adaptive 

that Indoor temperature 
dlssotlsfacllon from 

thermal comfort ror each day 
exceeds 2S' /28"C ror each 

o"emeating for each day day 

PDllMean PlIO_Max PGrCat2 PGrCat3 PGRlS PGr28 

2005 Poole, I A.JI>1.2005.23 16.17 26.41 7.14 0.00 100.00 28.57 

2005 Poocs lAJlDl.200S.24 13.47 16.61 0.00 0.00 100.00 0.00 

2005 Poole, I A.J 1>1.2005.27 4.64 7.45 0.00 0.00 7.14 0.00 

2005 Pooles l A.Jln2005.28 5.94 7.62 0.00 0.00 21.43 0.00 

2005 Pooles lA.Jln2005.29 4.49 6.16 0.00 0.00 0.00 0.00 

2005 Poo£sl AJln.200S.30 3.51 4.97 0.00 0.00 0.00 0.00 

2005 P001c,IAJuIy.2005.01 3.82 5.41 0.00 0.00 0.00 0.00 

2005 Poo1c,IA.JuIy.2005.04 1.90 3.04 0.00 0.00 0.00 0.00 

2005 Poo1csIAJuIy.2005.05 2.32 3.41 0.00 0.00 0.00 0.00 

2005 P001csIAJuIy.2005.06 2.98 3.77 0.00 0.00 0 .00 0.00 

2005 Poo1csIAJuIy.2005.07 2.53 3.07 0.00 0.00 0.00 0.00 

2005 Poo1csIAJuIy.200S.08 2.49 2.53 0.00 0.00 0.00 0.00 

2005 Poo1c,IAJuIy.200S.11 8.04 12.34 0.00 0.00 35.71 0.00 

____ ~~L __ --~~~!!-~~.~I!£~ . .!?-- ._. __ 5.c~!" ___ _ . __ 6.).~ . __ ____ O~~ _____ -----q!!!----- _ ___ ~2,-~ ____ 0.00 ---------------

---- -------- --w~Bj;;;2007.Tj-- -- --iT.ii4---- ---is.oo--- ----0.00---- - -- --ofiJ---- - - ------ ---- - -- -_._---- -----
2007 64.29 0.00 

2007 WIngtn3BJlII1.2007.14 9.20 14.63 0.00 0.00 57.14 0.00 

2007 WIngtn3BJun.2007.15 8.24 11.85 0.00 0.00 50.00 0.00 

2007 Wlngtn3BJun.2007.J 8 4.84 8.58 0.00 0.00 0.00 0.00 

2007 Wlngtn3BJ uo.2007 .19 8.06 20.09 0.00 0.00 28.57 0.00 

2007 WIngtn3BJun.2007.20 9.88 15.87 0.00 0.00 50.00 0.00 

2007 Wlngtn3BJ.n2007.21 7.52 12.67 0.00 0.00 42.86 0.00 

2007 Wlngtn3BJuo.2007 .22 2 17 2. 17 0.00 0.00 0.00 0.00 

2007 Wlngtn3BJun.2007.25 0.56 0.63 0.00 0.00 0.00 0.00 

2007 WIngtn3BJ un.2007.26 3.11 8.46 0.00 0.00 0.00 0.00 

2007 WIngtn3BJ.n2007.27 4.75 7.28 0.00 0.00 0.00 0.00 

2007 Wlngtn3BJun.2007.28 6.31 17.39 0.00 0.00 7.14 0.00 

2007 WIngtn3B.Jun.2007.29 7.36 14.38 0.00 0.00 7.14 0.00 

2007 Wqtn3BJuIy.2007.02 7.60 18.87 0.00 0.00 14.29 0.00 

2007 Whl!tn3BJuIy.2007.03 4.05 6.65 0.00 0.00 0.00 0.00 

. - --~---.- __ ~_~.l!.~~~I!£~~ __ - - - --~~'!. -- --
____ B..:3.~ ___ ____ 9~~ _____ - -- --q!!!--- -- - -- -_<!.Q'!- --- _ ___ . _9,-~ ______ 

._------ -_.- - -w~-Bj~2008.T8-- -- ---i:-64'---- - -- -_.- --- ------------ --_._._-_._-- ----- -- -- -- - ------------ ---
2008 2.25 0.00 0.00 0.00 0.00 

2008 WiIl!tnIBJuIy.2008.21 1.36 2.34 0.00 0.00 0.00 0.00 

2008 ~w.2008.09 10.18 14.14 0.00 0.00 28.57 0.00 

2008 ~1>1.2008. 1O 9.36 10.21 0.00 0.00 57.14 0.00 

2008 ~.JI>1.2008.JI 7.51 7.85 0.00 0.00 0.00 0.00 

2008 ~A.JWL2008 . 12 4.07 4.20 0.00 0.00 0.00 0.00 

2008 ~Ln2008. 13 1.96 2.41 0.00 0.00 0.00 0.00 

2008 ~.n2008.16 3.07 3.59 0.00 0.00 0.00 0.00 

2008 ~.n2008. 17 4.08 4.67 0.00 0.00 0.00 0.00 

2008 ~ .... 2008.18 3.08 3.66 0.00 0.00 0.00 0.00 

2008 ~.n2008. 19 3.05 3.66 0.00 0.00 0.00 0.00 

2008 ~1un.2008 .20 3.49 3.49 0.00 0.00 0.00 0.00 

2008 ~.n2008.23 2.72 3.25 0.00 0.00 0.00 0.00 

2008 ~A.Jun.2008 .24 4.41 5.05 0.00 0.00 0.00 0.00 

2008 Whlltn2A.Jun.2008.25 6.58 9.48 0.00 0.00 0.00 0.00 
____ ~~L ___ __ ~~~C!2.8:3L 6.23 7.36 0.00 0.00 0.00 0.00 .-----.---.- ------------ - ---------- -- ----- -- -- -- - -- -- -_._---- -- . 

Table 8.1 3: Sample of comparison of indoor temperature with adaptive, 

fixed thermal comfort and maximum allowable differences from adaptive model in 2005. 2007 and 2008 
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Appendix 9: Classroom characteristic part: 

In the following pages the history of each school as well as the classrooms characteristics 

are reviewed. The classrooms characteristics are as follows: 

• Maximum risk of receiving solar gain for each classroom for the average months of June 

and July 

• Thermal mass level 

• Regions which can be Noisy or Quiet 

In this section the maximum risk of receiving solar gain for the perimeter and total zone for 

each classroom for the months of June and July are stated. To calculate the maximum risk of 

receiving solar gain on the premier zone, the following parameters should be extracted from 

the available data: 

• Perimeter zone 

• Window area 

• Average solar irradiance for a specific direction while considering shading and 

overshadowing 

If the classrooms' windows do not have any overhang and are not overshadowed by any tree 

or building the average irradiance for a peak day in the mouths of June and July in each 

direction is extracted from Tables 3-2.4 and 3-2.5 on Chapter Three. Alternatively the 

average irradiance should be adjusted by the overhang coefficient and sunlight probability. 

For this reason, the sunlight probability for each classroom that has the potential of 

overshadowing by trees and other buildings or part of the original building is obtained for 

each classroom. As can be seen in the following pages, based on the sunlight probability the 

average global daily solar irradiance for some classrooms are adjusted. If a classroom is 

overshadowed by a tree, the beam solar irradiance data for the duration that the classroom is 

overshadowed is multiplied by 0.15. And if a classroom is overshadowed by a part of main 

building or adjacent building, the solar irradiance for the duration that classroom is 

overshadowed is multiplied by zero. 
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Hounslow Town primary school is a Post War school, built after the World War II in 1952. 

This school is categorised as a low thermal mass school (due to the reasons which are 

explained in chapter 3) and is identified as noisy school since it is located on aircraft noise 

counter map above 57dBA. 

The indoor temperatures of 5 classrooms of this school were recorded for this study in 2005, 

2007 & 2008. The indoor temperatures of classrooms were recorded for either a year or three 

year periods. The maximum risk of receiving solar gain for each classroom is calculated for 

the summer (June and July) and is shown in the relevant table (please see page 354). As can 

be seen from the school's map, two of the classrooms (Classroom No.3 & No.4) are 

overshadowed by trees and their sunlight probability and consequently their average global 

daily solar irradiance are reduced during June and July (Table 8.14). By reducing average 

global daily solar irradiance the maximum risk of receiving solar gain is reduced in these 

classrooms during summer (June and July). 

Figure 8.1: Images of Hounslow Town Primary School (Taken by the author) 

352 



~ 

1 
'" 

i 
'" 

J_ - -U... ..... """ 1""31 107,,,, I .. "" I .. ,,,, ..... II ... u.Jt L1<Je1'_II5,lOl'_I.,.lOl'_I'_IJI:.II 
Mean hourly irndiaocc(/ W .m-2) COl" Jtlllcd IUI.-time from swui.sc to aJnscl 

~ 50 I 162 I 53 I 76 I 87 I 82 I 67 1290 1100 I 0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 

No.3 (2005) • ~ 27 I 66 1.261175 1 189 11 89118011631140114911351127 11131 94 I 69 I 42 I 20 I 8 
77 12181 179j251 1276 1271 I 247J453J 140 1 1491 13511271 1131 94 I 69 I 42 I 20 I 8 No.3 (2007) 

No.3 (2008) lob - -.......... · ''''1",,31 1.7''''1''''' J " ,'" ..... II'" '-1 U:.JII._I_I_I.' .. I ...... I._IJI:.II 
Mean bourty imdiance (I W.m-2) for ItIkd 101 .. time from sunOlC to IWlsel - 45 I .45 149.7 169.2177.9 175.316 1.4 1265 I 90 I 0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 

• - 22 I 57 1 106 1147 1 1741 179 11761166 1144 I 1501132 I 123 1107 I 85 I 64 I 35 I 14 I 5 
67 j202 1 156 I "' 1 252 1254 1237 L431 1234 /150 1132 I 123 I 107 I 85 I 64 I 35 I 14 I 5 

l_ 

IkJI _ ... J "',JlI07.",j""" I ".'" 1.0,,. LII"'J'-I L1<Jej'_1 15"'1'_1 """1"""1'_1"" - 1) .. 
Mean hourly i.n-.li1lUlOC (I W.m-2) COl" ~*d 101.- time from sunrise to sunsel - 50 I 162 I 352 I 76 I 87 I 82 I 67 I 44 I 100 I 0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 

• - 27 I 66 1126 1175 189 189 180 163 1401149 11351 1271 1131 94 I 69 I 42 I 20 I 8 

No .... (2008) - 77 1218 I 478 I 251 12761 271 1247 1207 1140 1 149 1135 1127 I 113 I 94 I 69 I 42 I 20 I 8 
lob - _1_1_1",,31 1.7,"'1""'1 ",,. 1.0,"' 111 .... 11_1 L1<Je1 1_1"""1 I-I " .... I ...... I.-IJI:.II - Mean hourly irndiaoce (I W.m-2) for w.ed 101 .. time from 5lJIlri5t. to IUnr.et - 45 I .45 I 33 1 I 69 I 78 I 7S I 61 I 40 I 90 I 0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 I 0 

• - 22 I 57 1106 11471 174 117911761 166 11 4411501132112311071 85 1 64 1 35 1 14 1 5 
.- 67 12021437 I 216 I 2521 254 I 237 I 206 1234 1 150 11321123 11071 85 I 64 I 35 I 14 I 5 

Table 8.14: Adjusted average global daily solar irradiance considering the impact of overshadowing 

in Hounslow Town Primary School 
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Appendix 9.2: Wellington Primary School 

Legend 
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Wellington primary school is an open aU school, built after the World War I in 1930 and was 

redesigned after the oil crisis (i .e. closed corridors were added). This school is categorised as 

a low thermal mass school (due to the reasons which are explained in chapter 3) and is 

identified as noisy school since it is located on aircraft noise counter map above 57dBA. The 

indoor temperatures of 3 classrooms of this school were recorded for this study in 2007 & 

2008. The indoor temperatures of classrooms were recorded for two year periods. The 

maximum risk of receiving solar gain for each classroom is calculated for the summer (June 

and July) and is shown in the relevant table (please see 358). As can be seen from the school's 

map, one of the classrooms (Classroom No.3) is overshadowed by a tree. For this reason its 

sunlight probability and consequently the average global daily solar irradiance is reduced 

during June and July (Table 8.15). By reducing average global daily solar irradiance, the 

maximum solar gain potential is reduced in this classroom during summer. In addition the 

Classroom No.2 is overshadowed by part of the main building. For this reason its sunlight 

probability and consequently the average global daily solar irradiance is reduced during June 

and July (Table 8.2) . By reducing average global daily solar irradiance, the maximum risk of 

receiving solar gain is reduced in this classroom during summer (June & July). 

Figure 8.2: Images of WelJjngton Primary School (Taken by the author) 
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Mean hourly inwJianoc (I W.m-2) fer swed 50lar time from worise to .unset 
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No.2 (2007) "- JI I 71 1 114 I 574 \ 555 \ 435 168 158 U~ '441 U5 127 113 ~ " ] 41 I I, I 9 
No.2 (2001) 

"'" .~ N ;.. 151. .... ., .......... 11&11 IJaII .- .... l5ol1 - 17lJI .......... - .... 
Mean hourly itradianoc (I W.m-2) for lUlled $dar time from sunrise co sunset 

~ 0 0 0 379 353 260 119 0 0 0 0 0 0 0 010 \ 0 \ 0 .. ~ 23 I 61 1103 1 132 \1 46 \ 143 \ 132 \1 56\ 140 \ 141 \ 132 \ 123 \ 107 \ 85 \ 64 \ 35 \ 15 \ 6 

"- %5 I 6J I III \ 5IJ 1499 \4413 \%5' \ 156 \1441 141 131 123 107 115 64 35 I 15J 6 

J_ - .... I),,. I"'" 1 .. ," \ .. ," 1" .... \ .. ,,. \ .. ,,. 1"'''\' "JO \.2'-'0 \ ' .' ," 1 " ," I " .... \ ",JO I " ," \ .0,,.\ " ,,, \ ''''' ' 
Mean hourly irndianoc (I W.m-2) fer Slated solar time from swwise to sunsee 

~ 1.051 6.6 123.3144.4 163.3\72.6174.4 167. 1 15 1.8 \30.6\ 5.4 \ 0 I 0 \ 0 \ 0 \ 0 \ 0 \ 0 

• ~ 21 \ 50 \ 82 \ 133 \1 63 \1 80 \ 187 \1 83 \1 73 \1 57 \ 123 \1 34 \11 3 \ 94 \ 69 I 42 \ 20 \ 8 
No.3 (2007) ~ 11 . • \56.6\ .051 . 771116 \%53 \ 261 \250 \125 \.SSJ .18] . 34 1113 I 94 I 6' 1 42 I 20 \ 8 
No) (2001) 
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Mean hourly imcUancc (I W.m-2) for stated soIu time f'rom.wvlIe to.unset 
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• ~ 16 \ 43 \ 69 \1 13 \1 51 \ 171 \1 83 \1 86 \ 179 \ 162 \ 124 \ 131 \ 107 \ 85 \ 64 \ 35 \ 14 \ 5 
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Table 8.1 5: Adjusted average global daily solar irradiance considering the impact of overshadowing 
in Wellington Primary School 
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Appendix 9.3: Cranford Primary School 
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Cranford Primary School is an open air school, built after the World War I in 1937 which was 

redesigned after oil crisis (i.e. closed corridors were added). This school is categorised as a 

low thermal mass (due to the reasons which are explained in chapter 3) and is identified as 

noisy school since it is located on aircraft noise counter map above 57dBA. 

The indoor temperatures of 4 classrooms of this school were recorded for this study in 2007 

& 2008. The indoor temperatures of classrooms were recorded for either a year or two year 

periods. The maximum risk of receiving solar gain for each classroom is calculated for the 

summer (June and July) and shown in the relevant table below (please see next page ). As can 

be seen from the school's map, three classrooms in this school are overshadowed by the 

opposite building. The opposite building does not reduce the sunlight probability during June 

& July and consequently the average global daily solar irradiance and the maximum risk of 

receiving solar gain are not reduced in these classrooms during summer (June & July). 

Figure 8.3: Images of Cranford Primary School (Taken by the author) 
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Appendix 9.4: Grove Road Primary School 
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Grove Road primary school was built after the oj} crisis. This school is categorised as a 

medium thermal mass school (due to the reasons which are explained in chapter 3) and is 

identified as noisy school since it is located on aircraft noise counter map above 57dBA. 

The indoor temperatures of 8 classrooms of trus school were recorded for tills study in 2007 

& 2008. The indoor temperatures of classrooms were recorded for two year periods. The 

maximum risk of receiving solar gain for each classroom for the summer (June and July) is 

calculated and shown in the relevant table (please see next page). As can be seen from the 

relevant table, the classrooms' overhang reduces the maximum risk of receiving solar gain 

during summer (June & July). 

Figure 8.4: Images of Grove Road Primary School (Taken by the author) 
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Appendix 9 .5: Andrew Ewing Primary School 
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Andrew Ewing primary school was built after the oil crisis. This school is categorised as a 

medium thermal mass school (due to the reasons which are explained in chapter 3) and is 

identified as noisy school since it is located on aircraft noise counter map above 57dBA. 

The indoor temperatures of 5 classrooms of this school were recorded for this study in 2005, 

2007 & 2008. The indoor temperatures of classrooms were recorded for two or three year 

periods. The maximum risk of receiving solar gain for each classroom for the summer (June 

and July) is calculated and shown in the relevant table (please next page). 

Figure 8.5: Images of Andrew Ewing Primary School (Taken by the author) 
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Appendix 9.6: St M&M Primary School 
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St Michael & St Martin primary school was built after the oil crisis. This school is categorised 

as a medium thermal mass school (due to the reasons wmch are explained in chapter 3) and is 

identified as noisy school since it is located on aircraft noise counter map above 57dBA. 

. The indoor temperatures of 4 classrooms of this school were recorded for this study in 2007 

& 2008. The indoor temperatures of classrooms were recorded for two year periods. The 

maximum risk of receiving solar gain for each classroom for the summer (June and July) is 

calculated and shown in the relevant table (please next page). 

Figure 8.6: Images of St Michael & St Martin Primary School (Taken by the author) 
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Appendix 9.7: Heston Primary School 
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Heston Primary School is an open air school, built after the World War I in 1936 which has 

been redesigned after the oil crisis (i.e. closed corridors were added). This school has some 

prefabricated classrooms. This school is categorised as a low thermal mass school (due to the 

reasons which are explained in chapter 3) and is identified as noisy school since it is located 

on aircraft noise counter map above 57dBA. 

The indoor temperatures of 3 classrooms of this school (one of which is prefabricated) were 

recorded for this study in 2007 & 2008. The indoor temperatures of classrooms were recorded 

for a two year period. The maximum risk of receiving solar gain for each classroom for the 

summer (June and July) is calculated and shown in the relevant table (please see page 376). 

As can be seen from the school's map, the classrooms from the main building are 

overshadowed by trees. For this reason the sunlight probability and consequently the average 

global daily solar irradiance are reduced for this classroom during June and July (Table 8.16). 

By reducing the average global daily solar irradiance the maximum risk of receiving solar 

gain is reduced for this classroom during summer (June & July). 

Figure 8.7: Images of Heston Primary Scbool (Taken by the author) 
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Appendix 9.S: Rosarv Primary School 
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Rosary Primary School is an open air school, built after the World War IT in 1965. This 

school is categorised as a low thermal mass (due to the reasons which are explained in chapter 

3) and is identified as noi y school since it is located on aircraft noise counter map above 

57dBA. 

The indoor temperatures of 3 classrooms of this chool were recorded for this study in 2007 

& 2008. The indoor temperatures of classrooms were recorded for two year period . 

The summer maximum risk of receiving solar gain for each classroom for the summer (June 

and July) is calculated and shown in the relevant table below (please see next page). As can 

be seen from the school's map, two classrooms in this school are overshadowed by some part 

of the school building. These parts of the school do not reduce the sunlight probability during 

summer and con equently the average global daily olar irradiance during June and July. A 

the average global daily solar irradiance is not reduced in these classroom so the maximum 

risk of receiving solar gain for these classrooms is not reduced during summer (June & July) . 

Figure 8.8: Images of Rosary Primary School (Taken by the author) 
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Appendix 9.9: Feltham Primary School 
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Feltham Hill Primary School is a Victorian school built in 1965. This school is categorised as 

a heavy thermal mass school (due to the reasons which are explained in chapter 3) and is 

identified as quiet school since it is located on aircraft noise counter map below 57dBA. 

The indoor temperatures of 3 classrooms of this school were recorded for this study in 2007 

& 2008. The indoor temperatures of classrooms were recorded for two year periods. The 

maximum risk of receiving solar gain for each classroom for the summer (June and July) is 

calculated and shown in the relevant table (please see page 383). As can be seen from the 

school's map, one of the classrooms (classroom No.2) is overshadowed by some part of the 

school building. For this reason the sunlight probability and consequently the average global 

daily solar irradiance are reduced for this classroom during June and July (Table 8.17). By 

reducing the average global daily solar irradiance the maximum risk of receiving solar gain is 

reduced for this classroom during summer (June & July). In this school a solar reflective film 

is used on the windows. The solar reflective film has a significant impact on reducing the 

amount of solar gain that each classroom can receive. The discount factor for the solar 

reflective film is about 70% so the calculated maximum solar gain potential is multiplied by 

this amount. 

Figure 8.9: lmages of Feltham Primary School (Taken by the author) 
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Appendix 9 .10: Pools Primary School 
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Pools primary school was built after the oil crisis. This school is categorised as a medium 

thermal mass school (due to the reasons which are explained in chapter 3) is identified as 

quiet school since it is located on aircraft noise counter map below 57dBA. 

The indoor temperatures of 5 classrooms of this school were recorded for this study in 2005, 

2007 & 2008. The indoor temperatures of classrooms were recorded for three year periods. 

The maximum risk of receiving solar gain for each classroom i calculated for the summer 

(June and July) and shown in the relevant table (please see next page). 

Figure 8.10: Images of Pools Primary School (Taken by the author) 

385 



I'oob frirnu, .schoul 

386 



Appendix 9.11: Ambler Primary School 
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Ambler primary school is a Victorian school built in 1898. This school is categorised as a 

heavy thermal mass (due to the reasons which are explained in chapter 3) and is identified as 

quiet school since it is located on aircraft noise counter map below 57dBA. 

The indoor temperatures of 4 classrooms of this school were recorded for this study in 2007 

& 2008. The indoor temperatures of classrooms were recorded for one, two or three year 

periods. The maximum risk of receiving solar gain for each classroom is calculated for the 

summer (June and July) and shown in the relevant table (please see next page). 

Figure 8.11 : Images of Ambler Primary School (Taken by the author) 
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Appendix 9.12: Norwood Primary School 
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Norwood primary school is a post war school billlt in 1955. This school is categorised as a 

low thennal mass school (due to the reasons which are explained in chapter 3) and is 

identified as quiet school since it is located on aircraft noise counter map below 57dBA. 

The indoor temperatures of 3 classrooms of this school were recorded for this study in 2007 

& 2008. The indoor temperatures of classrooms were recorded for two year periods. The 

maximum risk of receiving solar gain for each classroom is calculated for the summer (June 

and July) and shown in the relevant table (please see page 393). As can be seen from the 

school's map. lout of the 3 the classrooms which are chosen as samples for this study 

(Classroom No.1) is overshadowed by a tree. For this reason the sunlight probability and 

consequently the average global daily solar irradiance is reduced for this classroom during 

June and July (Table 8.18). By reducing the average global daily solar irradiance the 

maximum risk of receiving solar gain is reduced for this classroom during summer (June and 

July). In addition the remaining 2 classrooms (Classroom No.2 & Classroom No.3) are 

overshadowed by parts of the main building. For this reason the sunlight probability and 

consequently the average global daily solar irradiance is reduced for these classrooms during 

June and July (Table 8.18). By reducing the average global daily solar irradiance the 

maximum risk of receiving solar gain is reduced for this classroom during summer (June & 

July). 

Figure 8.12: Images of Norwood Green Primary School (Taken by the author) 
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Table 8.18: Adju ted average daily global solar irradiance amount con idering the impact of overshadowing 
in Norwood Primary School 
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Appendix 9.13: Lady Primary School 
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Lady primary school was built after the oil crisis. This chool is categorised as a medium 

thermal mass school (due to the reasons which are explained in chapter 3) and is identified as 

quiet school since it is located on aircraft noise counter map below 57dBA. 

The indoor temperatures of 3 classrooms of this school were recorded for this study in 2007 

& 2008. The indoor temperatures of classroom were recorded for two year period . The 

maximum ri k of receiving solar gain for each cia sroom for the summer (June and July) is 

calculated and shown in the relevant table (please see next page). 

Figure 8.13: Images of Lady Green Primary School (Taken by the author) 
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Appendix 9.14: Hungerford Primary School 
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Hungerford primary school is a Victorian school. This chool is categorised as a heavy 

thermal mass school (due to the reasons which are explained in chapter 3) and is identified as 

quiet school since it i located on aircraft noise counter map below 57dBA. 

The indoor temperatures of 7 classroom of till chool were recorded for thi tudy in 2005, 

2007 & 2008. The indoor temperature of clas room were recorded for either one or three 

year periods. The maximum risk of receiving solar gain for each clas room is calculated for 

the ummer (June and July) and shown in the relevant table (please see page 400). As can be 

een from the chool' map, 6 out of 7 the clas room which are chosen as samples for this 

study are over hadowed by trees during summer (June and July). For this rea on the untight 

probability and consequently the average global daily solar irradiance are reduced for these 

cla sroom during June & July (Table 8.19). By reducing the average global daily solar 

irradiance the maximum ri k of receiving olar gain is reduced for the e cla room during 

summer (June and July). 

Figure 8.14: Images of Hungerford Primary School (Taken by the author) 
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in Hungerford Primary School 
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Appendix 9.15: Coleraine Primary School 
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Colerain primary school is a Victorian school which was redesigned and extended through 

time. This school is categorised as a heavy thermal mass school (due to the reasons which are 

explained in chapter 3) and is identified as quiet school since it is located on aircraft noise 

counter map below 57dBA. 

The indoor temperatures of 5 classrooms of this school were recorded for this study in 2005, 

2007 & 2008. The indoor temperatures of classrooms were recorded for one, two or three year 

periods. The maximum risk of receiving olar gain for each classroom for the summer (June 

and July) i calculated and shown in the relevant table (please ee page 404). As it can be seen 

from the school's map, 3 out of 7 the clas rooms which are chosen as samples in this study 

are overshadowed by some part of the main building during ummer (June and July). For this 

rea on the sunlight probability and con equently the average global daily solar irradiance is 

reduced for the e classrooms during June & July (Table 8.20). By reducing the average global 

daily olar irradiance the maximum risk of receiving solar gain is reduced for these 

classrooms during ummer (June and July). 

Figure 8.15: Image of Colerain Primary School (Taken by the author) 
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Table 8.20: Adjusted average daily global solar irradiance amount considering the impact of overshadowing 
in Colerain Primary School 
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Appendix 9.16: Orchard Primary School 
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Two prefabricated classrooms of Orchard Primary School are chosen from this school for the 

purpose of this study. These classrooms are categorised as a low thermal mass (due to the 

reasons which are explained in chapter 3) and is identified as quiet school since it is located 

on aircraft noise counter map below 57dBA. 

The indoor temperatures of 2 classrooms of this school were recorded for this study in 2007 

& 2008. The indoor temperatures of classrooms were recorded for either one or two year 

periods. The maximum risk of receiving solar gain for each classroom for the summer (June 

and July) is calculated and shown in the relevant table (please see next page). As it can be 

seen from the school's map, two mobile classrooms in this school are overshadowed by each 

other. The overshadow that occurs from these mobile classrooms does not reduce the sunlight 

probability during summer and average global daily solar irradiance during June and July. For 

this reason the maximum risk of receiving solar gain is not reduced in these classrooms 

during summer (June & July). 

Figure 8.16: Images of Orchard Primary School (Taken by the author) 
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Appendix 9.17: St-Gildas Primary School 
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St Gilda's primary school is a school built after the oil crisis. This school is categorised as a 

medium thermal mass school (due to the reasons which are explained in chapter 3) and is 

identified as quiet school since it is located on aircraft noise counter map below 57dBA. 

The indoor temperatures of 3 classrooms of this school were recorded for this study in 2005. 

The maximum risk of receiving solar gain for each classroom for the summer (June and July) 

is calculated and shown in the relevant table (please see page 411). As can be seen from the 

school's map, 2 out of these classrooms are overshadowed by trees and an adjacent building. 

For this reason the sunlight probability and consequently the average global daily solar 

irradiance is reduced for these classrooms during June & July (Table 8.21). By reducing the 

average global daily solar irradiance, the maximum risk of receiving solar gain is reduced for 

these classrooms during summer (June and July). 

Figure 8.17: Images of St Gilda' s Primary School (Taken by the author) 
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Table 8.2 1: Adju ted average daily global solar irradiance amount considering the impact of overshadowing 
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Appendix 9.18: Green Church Primary School 
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Green Church School (the new part) is built after the oil crisis. This school is categorised as a 

medium thennal mass school (due to the reasons which are explained in chapter 3) and is 

identified as qwet school since it is located on aircraft noise counter map below 57dBA. 

The indoor temperatures of 5 classrooms of this school were recorded for this study in 2005. 

The maximum risk of receiving solar gain for each classroom for the summer (June and July) 

is calculated and shown in the relevant table (please see page 415). 

As it can be seen from the school's map, one of these classrooms is overshadowed by a tree 

and another one of them is overshadowed by a tree as well as the adjacent building. For this 

reason the sunlight probabibty and consequently the average global daily solar irradiance are 

reduced for these classrooms during June & July (Table 8.22). By reducing the average global 

daily solar irradiance, the maximum risk of receiving solar gain is reduced for these 

classrooms during summer (June and July) . 

Figure 8.18: Images of Green church Primary School (Taken by the author) 
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Table 8.22: Adjusted average daily global solar irradiance amount considering the impact of overshadowing 
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• Appendix 10: Justification based on SPSS software 

In this part of the appendix that is related in to the justification that is carried out based on 
SPSS software are gathered. 

• Appendix 10.1: Relationship between various environmental factors with 

students and teachers' health and also students' academic achievements 

The relationship between various environmental factors with students and teachers' health 

and also students' academic achievements based on the subjective survey 

a) Students' productivity versus Classrooms' overall comfort 

Variables Entered/Removedb 

~de Variables Variables 
Entered Remo\ICd IV.cthod 

1 O'AJrall. Enter 
comfort.t.p· 

a . All requested 'oGriables e"tered. 

b. Dependent Variable: Students.Productivity 

Model Summary 

~de Adlusted R Std . Error of 
R R Square ~uaro tho Estimate 

1 .3888 .1 !if) .141 1.348f)7 

a. Predictors : (Constant}. OY9rall .comfort.t.p 

Sum of 
Model Squares df Mean Sjluare F SiQ. 
1 Regression 28.922 1 28.922 15.915 .000· 

Residual 163.556 90 1.817 

Total 192.478 91 

a. Predictors: (Constant), Ollerall.comfort.t.p 

b. Dependent Variable: Students.Productivity 

416 



Coefficients· 

Standardized 
Unstandardized Coefficients Coefficients 

~dp.1 B Std. Error Beta t SiQ. 
1 (Constant) 2.505 .446 5.613 .000 

Overall.comfort.t.p .376 .094 .388 3.989 .000 

a. Dependent Variable : Students .Productivity 

b) Teachers' productivity versus Classrooms' overall comfort 

Variables EnteredlRemovec:fb 

r de Variables Variables 
Entered Removed Method 

1 Overall . Enter 
comfort.t.p· 

a. All requested variables entered. 

b. Dependent Variable: Teachers .prodictivity 

Model Summary 

~de Ad~ustCd R Std . Error of 
R R SQuaro 'Quare tho Estimate 

1 .462a .214 .:2 fJ 5 1.22214 

a . Pradictors : (Constant), O\4Eirall.oomfort.t.p 

Sum of 
Model Squares df Moan SQuaro F SiQ. 

1 Rogrossion 35.336 1 35.336 23.658 .000· 

Residual 1:29.944 87 1.494 

Total 165.:281 88 

a. Predictors : (Collstallt), OI.erall.comfort.t.p 

b. Dependent Variable : Teachers .prodlctlvity 

Coefficients· 

Standardized 
Unstandardized Coefficients Coefficients 

Model B Std. Error Beta t Sia . 
1 (Constant) 2.216 .406 5.451 .000 

Overall .comfort.t.p .416 .086 .462 4.864 .000 

a. Dependent Variable: Teachers .prodictivity 
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c) Teachers' health versus Classrooms' overall comfort 

Variables EnteredlRemovedb 

rde Variables Variables 
Entered Removed Method 

1 Overall . Enter 
comfort.t.p· 

a. All requested variables entered . 

b. Dependent Variable: Teachers .health 

Model Summary 

~de Ad~usted R Std . Error of 
R R Square ~Quaro the Estimate 

1 .418' .174 .165 1.fJ56 52 

a . Predictors : (Constant), O\9rall.comfort.t.p 

Sum of 
_Model Squares df Mean Square F Sig. 
1 Regression 21.454 1 21 .454 19.220 .000· 

Residual 101 .578 91 1.116 

Total 123.032 92 

a. Predictors : (Constant), Overall.comfortt.p 

b. Dependent Variable: Teachers .health 

Coefficients • 

Standardlzod 
Unstandardized Coefficients Coefficients 

MJdel B Std, Error Beta t Sia , 
1 (Constant) 2,095 ,349 6,002 .000 

O-...era II ,co mfort.t.p .322 .073 .418 4.384 .000 

a. Dependent Variable : Teachers.health 
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• Appendix 10.2: Study the relation between adaptive and fixed thermal 
comfort models with schools occupants' perceptions regarding thermal comfort. 

a) Adaptive 

Variables Entered/Removed" 

I\Aode Variables Variables 
I Entered Removed tv1cthod 

1 Ad a pti'A:llJ Enter 

a. All requested wrlables el1tered. 

b. Dependent Variab la : Vote 

Model Summary 

~de AdJusted R Std . Error of 
R R SQuaro >Quaro tho Estimato 

1 .636a .4rJ5 .377 .94632 

a. Predictors : (Constant), Adaptil,\3 

Sum of 
Model Souares df Mean Sauare F Sic. 
1 Regression 12.804 1 12.804 14.298 .001 a 

Residual 18.806 21 .896 

Total 31 .610 22 

a. Predictors : (Constant), Adaptive 

b. Dependent Variable : Vote 

Coefficients· 

Standardized 
Unstandardized Coefficients Coefficients 

Model B Std. Error Beta t Sig. 
1 (Constant) 3.707 .373 9.933 .000 

Adaptive .063 .017 .636 3.781 .001 

a. Dependent Variable: Vote 

b) Fixed 

Variables Entered/Removedll 

~de Variables Variables 
Entered Removed tv1cthod 

1 Fi)C[)d· Enter 

a. All requested wriables el1tered. 

b. Depandant Variable : Vote 
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Model Summary 

rde Ad~usted R S1d . Error of 
R R Square ~Quare the Estimate 

1 .462Q .214 .176 1.1IB7B9 

a. Predictors : (Constant). Fixed 

Sum of 
Mldp.1 SQuares df Moan Sauare F 
1 Regression 6.756 

ResidLlal :24.854 

Total 31.61f) 

o. Predictors: (COllstallt). Fi~d 

b. Dependent Variable : Vote 

1 

21 

22 

Coefficients • 

Unstandardized Coefficients 

6.756 5 .708 

1 .184 

Standardizod 
CoeffiCients 

Mndel B Std. Error Beta t 
1 (Constant) 4.171 .382 10.929 

FiJfed .092 .038 .462 2.389 

a. Dependent Variable : Vote 

• Appendix 10.3: Relation between schools' location on aircraft noise contour map 
with aircraft noise perception. 

Variables Entered/Removedb 

roe Variables Variables 
Entered Removed Method 

1 School. Entor 
LocationS 

a. All requested ~riables el1tered. 

b. Dependent Variable: Noise.Perception 

Mode I Summary 

~oe Ad~usted R S1d . Error of 
R R Sauaro ~QLlarc the Estimato 

1 .31Sd .11)f) f) 84 1.:27SfJ 1 

a. Predictors : (Constant). School.Location 

Sia. 
.026" 

Sio. 
.000 

.026 
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Sum of 
ModAl SQuares df 
1 Regression FJ.316 1 

Residual 9:i.244 !i7 

Total F13.559 !i8 

l:I . Predictors: (COllstallt), School.Locatioll 

b. Dependent Variable : Noise .PerCE/ption 

Coefficients • 

Unstandardlzed Coefficients 

Mndel B Std. Error 
1 (Constant) -4.362 4.045 

Moan Sauare F 

10.316 6 .306 

1 .636 

Standardlzod 
Coefficients 

Beta t 
-1.076 

School.Location .164 .065 .316 2 .511 

a. Dependent Variable : Noise.PerCE/ption 

• Appendix 10.4: Solar gain normally distributed test 

Case Processing Summary 

Cases 

Valid Missin!:! Total 

N I Percent N I Percent N T Percent 
Solar.gain 59 I 100.0% o I .0% 59 I 100.0% 

Tests of Normality 

Kolmoqorov-Smirno" Shaoiro-Wil k 

$tatistic I df I Sic. $tatistic 1 df 1 Sla. 
Solar.gain .123 I 59 I .027 .933 I 59 I .003 

a. Lilliefors Significance Correction 

SiQ. 
.015· 

Sic. 
.287 

.015 
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• Appendix 10.5: Using primitive zone for calculating solar gain 

One-Sample Statistics 

Std . Error 
N Mean Std. Deviation Mean 

Floor.area 59 57.0339 10.22331 1.33096 

OneoSample Test 

Tost Value = 55 

95% Confidence InteNlI of the 
Dllrerence 

Mellil 
I df SiQ . /2-tailedl DifferElllce LowElr UDDer 

Floor.llrea 1.528 58 .132 2.03390 -.6303 4.6981 

• Appendix 10.6: Solar irradiance nonnally di tributed test 

Tests of Nonnallty 

Kolmoqorov-Smirno~ Shapiro-Wilk 

Statistic df Sia. Statistic df Sia. 

Solar.gain .123 59 .027 .933 59 .003 

a. Lilliefors Significance Correction 

• Appendix 10.7: Adaptive cooling degree hours normally distributed test 

Tests of Normality 

Kolmogorov-SmirnoVS Shaoiro-Wil k 

Stati stic I df I Sia. Stati stic df Sia. 
Mapti~.CDH .439 I 93 I .000 .357 93 .000 

a. Lilliefors Significance Correction 
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• Appendix 10.8: Fixed cooling degree hours normally di stributed test 

Teats of Normality 

KolmoQorov-Smirnol/' Shapiro-Wi I " 

Stati stic I df I Sic, Statistic I df I Sia, 
Fixed,CDH ,451 I 93 I .000 ,321 I 93 I .000 

a. Lilliefors Significance Correction 

• Appendix 10.9: Relationship between aircraft noise and level thermal comfort 
in schools with different thermal mass level 

a) Low thermal mass 

Variables EnteredlRemoved'> 

Mode Variables Variables 
I 
1 

Entered Removed 
Noise.La 

a . .AJ1 requested variables entered. 

b. Dependent Variable: Comfort.L 

Model Summary 

Method 
Enter 

rde 
R R Square 

Ad~usted R 
>Quare 

1 .323" _1115 JIB'I 

a . Predictors : (Constant), Noise.L 

Sum of 

Std . Error of 
the Estimate 

1.659fJ6 

Model Squaros df Mean Square 
1 Regression 11.9fJ;'! 

Rosidual 1f11.841 

Total 113.744 

.:I . Predictors : (Co Ilsta Ilt}, Noise .L 

b. Dependent Variable : Comfort.L 

1 11 .902 

37 2.752 

38 

F Siq. 

4 .324 .045e 
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Coefficients' 

Standardized 
Unstandardizcd Coefficients Coefficie nts 

Model B Std. Error Beta t Sia. 
1 (Constant) 3.051 1.057 2.885 .006 

Noise.L .372 .179 .323 2 .079 .046 

a. Dependent Variable: Comfort.L 

b) Medium thermal mass 

Variables EnteredJRemovedb 

Mode Variables Variables 
I Entered Removed Method 
1 Noise.M" Enter 

a. All requested variables entered. 

b. Dependent Variable : ComforlM 

Model Summary 

~de .Ad~usted R Sld . Error of 
R R Sctuare )Quare the Estimate 

1 .343- .117 .fJ94 1.3555fJ 

a. Predictors : (Constant), Noise.M 

Sum of 
Model Squaros df Moan Square F Siq. 

1 Regression 9.279 1 9.279 5.050 .031 a 

Residual a9 .821 38 1.837 

Total 79.1fJfJ 39 

a. Predictors : (Constant), Noise.M 

b. Dependent Variable : Comfort.M 

Coefficients' 

Standardized 
Unslandardized Coefficients Coefficients 

f\.t1dRI B Std. Error Beta t Sia. 
1 (Constant) 3.198 .981 3.258 .002 

Noise.M .383 .170 .343 2.247 .031 

a. Dependent Variable : Comfort.M 

424 



• Appendix 10.10: The relation between schools' location on aircraft noise with 
teachers' perceptions' regarding aircraft noise and thermal comfort 

~de 

1 

Variables Entered/~emoyedb 

Mode Variables Variables 
I 
1 

Enterod Removed Method 
School. Enter 
Location· 

a. All requested 'klrialJles entered. 

b. Dependent Variable : Thermal.Perception 

Model Summary 

AdJusted R Sld . Error of 
R R Squaro ~guaro the Estimato 
.337a .113 Jl9B 15991)B 

a. Predictors : (Constant), School.Location 

Sum of 
Model SQuares df Moan Square F 
1 Regress ion 1 B.941 1 1B.941 7.408 

Residual 14B.3fJ9 . 58 2.557 

Total 167.25fJ 59 

a. Predictors : (Collstallt), School.Locatioll 

b. Dependent Variable : Thermal.Perception 

Coefficients I 

Standardized 
Unstandardized Coefficients Coefficients 

Model B Std. Error Beta t 

1 (Constant) ·8.205 4.948 -1.658 

School.Location .218 .080 .337 2.722 

a. Dependent Variable: Thermal.Perception 

• Appendix 10.11: Demonstrating the impact of building and climate 
factors (rather than ventilation) based on regression analysis 

a) Mean 

2008 

Siq . 
.0094 

Sia. 
.103 

.009 

425 



Variables Entered/RemovedA,c 

~de Variables Variables 
Entered Removed Method 

1 Thermal. Enter 
mass , Solar. 
irad, Mean. 
outs 

a. All requested variables entered. 

b. Year. Code = 2008 

c. Dependent Variable : l\.o1ean.ind 

Model Summarjl'c 

Mode Ad~ustCd R S1rl . Error of 
J 
1 

R R Square >quarc the Estimate 
.432Q .1£l 6 .1B4 1.434:27 

a. Predictors : (Constant), Thermal.mass, Solar.irad, l\1ean. 
out 

b. Year.Code = 2008 

c. Dependent Variable : l\.o1ean .ind 

Coefficients~,b 

Standardized 
Unslandardized Coefficients Coefficie nts 

~ej B Std. Error Beta t 
1 (Constant) 15.513 .368 42.098 

Mean.out .380 .023 .452 16.229 

Solar.irad -5.853E-5 .000 -.058 -2.080 

Thermal.mass .107 .049 .054 2.172 

a. Year. Code = :!O08 

b. Dependent Variable : Mean.ind 

Residuals Statisticsa,b 

Minimum MaJdmum Mean Std. Deviation 
Predicted Value 20.6918 22.9949 21.8475 .68554 

Residual -4 .73055 4 .11237 .fJr)qqq 1.43267 

Std. Predicted Value -1.686 1 .674 fJqq 1.000 

Std. Residual -3 .298 2 .867 fJqq .999 

a. Year.Code = 2008 

b. Dependent Variable : l\.o1ean.ind 

2007 

Sia. 
.000 

.000 

.036 

.030 

N 
1344 

1344 

1344 

1344 
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Variables Entered/Removed~'c 

rde Variables Variables 
Entered Removed I'v1cthod 

1 Thermal. Enter 
mass, Solar. 
irad, l'v1can. 
ouf! 

a. All requested variables entered. 

b. Year. Code = 2007 

c. Dependent Variable : Mean.ind 

Model Summa~'c 

~de Ad~usted R Std . Error of 
R R Square )Quare the Estimate 

1 .357a .1 :27 .1015 1.3fJ553 

a. Predictors: (Constant), Thermal.mass, Solar.irad, Mean. 
out 

b. Year.Code = 2007 

c. Dependent Variable : Mean.ind 

Coeffic ie nts. ,J) 

Standardized 
Unstandardized Coefficients Coefficie nts 

Mldel B Std. Error Beta 
1 (Constant) 17.244 .428 

Mean.out .289 .025 .310 

Solar.irad 5.916E-5 .000 .069 

Thermal.mass -.222 .049 -.119 

<I . Yei:lr.Code = 2007 

b. Dependent Variable: Mean.ind 

Residuals Statistics",b 

t 
40.324 

11.443 

2.554 

·4.582 

Minimum Maximum Mean Std. Deviation 
Predicted Valuo 20.7782 23.0!i43 21.9835 .49809 

Residual -11 .11214 3.30556 .00000 1.30401 

Std. Predicted ValLie -2.420 2.150 .000 1 .000 

Std. Rosidual -8 .;'12 2.!i32 .000 .999 

a. Year.Code = 2007 

b. Dependent Variable : Mean.ind 

2005 

Sil:!. 
.000 

.000 

.011 

.000 

N 

1296 

1296 

1296 

1296 
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Variables Entered/RemovedlM 

Mode Variables Variables 
I Entered Remo\ICd Method 
1 Thermal. Enter 

mass , Solar. 
irad, Mean. 
out8 

a. All requested variables entered. 

b. Year. Code = 2005 

c. Dependent Variable : Mean.ind 

Model SummarY"c 

Mode Ad~Llsted R Sid . Error of 
I R R Square >Quare the Estimate 
1 .562' .316 .3 12 1.95361 

a. Predictors : (Constant), Thermal.mass, SolaLirad, Mean. 
out 

b. Year. Code = 2005 

c. Dependent Variable : Mean.ind 

Sum of 
ModAl Seuares df Moan Squaro F 
1 Regression 86(1.436 3 286.812 75 .148 

Residual 1862.5f15 488 3.817 

Total 2722.941 491 

a. Predictors: (Constant), Thermal.mass, Solar.irad, Mean.out 

b. Year.Code = 2005 

c. Dependent Variable: Mean.ind 

Coefficients·,b 

Standardized 
Unstandardlzed Coefficionts Coofficionts 

Model B Std. Error Beta t 

1 (Constant) 17.409 .760 22.905 

Mean.out .226 .044 .302 5.091 

Solar.irad .000 .000 .283 4.778 

Thermal.mass .409 .139 .11 0 2.937 

a. Year. Code = 2005 

b. Dependent Variable : Mean.lnd 

Siq. 
.0008 

Sia, 
.000 

.000 

.000 

.003 
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Residuals Statisticsft,1> 

Minimum Mrudmum Mean Std. De'Jiation N 
Predicted Value 22.1128 26.6958 23.9226 1.32379 492 

Residual -4.57713 5.05861 .rl WI flfl 1.94764 492 

Std. Predicted Value -1 .367 2 .095 .f)flfl 1.000 492 

Std. Residual -2 .343 2 .589 .f)flfl .997 492 

a. Year. Code = 2005 

b. Dependent Variable : Mean.ind 

b) Max 

2008 

Variables EnteredlRemovedb,c 

Mode Variables Variables 
I Entered Removed Method 

1 Max.out. Enter 
Thermal. 
mass, Solar. 
irad" 

a. All requested variables entered. 

b. Year.Code = 2008 

c. Dependent Variable: Max.ind 

Model SummarY"· 

rde Ad~usted R Std . Error of 
R R Squaro ;Quare tho Estlmato 

1 .499a .249 .247 1.51971 

a. Predictors : (Constant), Maxout. Thermal.mass. Solar.irad 

b. Year.Code = 2008 

c. Dependent Variable : Maxind 

Sum of 
Model SQuaros df Moan Square F Sia. 
1 Rogression 1f124.rJ16 3 341.339 147.797 .0008 

Rosldual 3fJ94.743 1340 2.310 

Total 4118.759 1343 

a. Predictors: (Constant), Maxout. Thermal.mass. Solar.lrad 

b. Year. Code = 200B 

C. Dependent Variable : Maxind 
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Coefficients·,1> 

StandardizIJd 
Unstandardizod Coefficients Coefficients 

Model B Std. Error Beta t Sig. 
1 (Constant) 13.589 .515 26.376 .000 

Solar.irad .000 .000 .091 3.194 .00 1 

Thermal.mass .480 .052 .217 9.170 .000 

Max.out .396 .029 .392 13.760 .000 

a. Year. Code = 2008 

b. Dependent Variable: Max.lnd 

~esiduals Statisticsa•b 

Minimum MaJCimum Mean Std. De\Aation N 

Predicted Value 21 .2252 24.8898 23JI491 .87320 1344 

Residual -4 .97464 7.11015 Jlllll r)f) 1.51801 1344 

Std. Predicted Value -2.089 2.108 .rlflf) 1.0()0 1344 

Std. Residual -3 .273 4 .679 .r}flr) .999 1344 

a. Year.Code = 2008 

b. Dependent Variable: Max.ind 

2007 

Variables Entered/~emoyedR,C 

~de Variables Variables 
Entered Removed Method 

1 Max.out, Enter 
Thermal. 
mass, Solar. 
irad8 

a. All requested variables entered. 

b. Year. Code = 2007 

c. Dependent Variable : Maxind 

Model Summaryll'c 

~de Adtsted R Std . Error of 
R R SQuare )Quare the Estimate 

1 .505- .255 .253 1.3f)7B 1 

a. Predictors: (Constant), Max.out, Thermal.mass, Solar.irad 

b. Year. Code = 2007 

c. Dependent Variable : Maxlnd 
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Sum of 
ModAl SQuares df Mean Sauare F Sia . 
1 Regression 757.118 3 252.373 147.555 .000s 

Residual :nIl9.789 1292 1.710 

Total 2966.9f)7 1295 

a. Predictors; (Constant), Max.out. Thermal.mass, Solar.irad 

b. Year.Code = 2007 

c. Dependent Variable : Maxind 

Coefficientst,b 

Standardized 
Unstandardized Coefficients Coefficients 

Model B Std. Error Beta t Sia. 
1 (Constant) 15.510 .380 40.770 .000 

Solar.irad 7.836E-5 .000 .085 2.993 .003 

Thermal.mass .261 .049 .129 5.363 .000 

Maxout .317 .020 .439 15.524 .000 

a. Year.Code = 2007 

b. Dependent Variable : Maxind 

Residuals StatlstlcsA,b 

Minimum MBJCimum Mean Std. Deviation N 

Predicted Value 21 .0469 24.1921 22.8985 .76462 1296 

Residual -8 .68824 5 .49950 J)rJfJf)f) 1.30629 1296 

Std. Predicted Value -2.422 1.692 JJf)f) 1 .fI()O 1296 

Std. Residual -6.643 4 .205 .fJf)fI .999 1296 

a. Year.Code = 2007 

b. Dependent Variable : Maxind 

2005 
Va ria bles Ente red/Removedll ,c 

~de Variables Variables 
Entered Removed I\Acthod 

1 Max-out, Enter 
Thermal. 
mass, Solar. 
irad-

a. All requested variables entered. 

b. Year.Code = 2005 

c. Dependent Variable : Maxind 
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Model SummarY"c 

~de Ad~usted R Sid . Error of 
R R SQuare ~Quaro the Estimate 

1 .648' .421 .417 2.36169 

a. Predictors: (Constant), Max.out, Thermal.mass, Solar.lrad 

b. Year. Code = 2005 

c. Dependent Variable : Max.ind 

Sum of 
Model SQuaros df Moan SQuare F SiQ. 
1 Regression 1975.185 3 658.395 118.043 .000$1 

Residual 27:l1.B7fJ 488 5.578 

Total 4697.fJ54 491 

a. Predictors: (Constant), Max.out, Thermal.mass, Solar.irad 

b. Year.Code = 2005 

c. Dependent Variable: Max.ind 

Coefflclents8 ,b 

Standardlzod 
Unstandardized Coefficients Coefficients 

l\Andp.1 B Std. Error Beta t 51a. 
1 (Constant) 19.050 .953 19.995 .000 

Solar.irad .001 .000 .660 7.910 .000 

Thermal.mass 1.056 .168 .216 6.273 .000 

Max.out .050 .060 .070 1.004 .316 

a. Year.Code = 2005 

b. Dependent Variable: Max.ind 

Residuals Statistics .. ,b 

Minimum MaJdmum Moan Std.Oo"';atlon N 

Predicted Value 21 .7989 29.1328 25.37fJ9 2 .00569 492 

Residual -6 .00096 6 .86718 JlfJll()() 2 .35447 492 

Std. Predicted Value ·1 .781 1.876 JlfJrl 1 .()OO 492 

Std. Residual ·2.541 2 .908 Jl()f) .997 492 

a. Year. Code = 2005 

b. Dependent Variable : Max.ind 
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• Appendix 10.12: Study indoor temperature in two days with various climate 
conditions. 

a) Similar solar irradiance, different outdoor temperature 

Paired Samples Stat ist ics 

Sid . Error 
Mean N Sid . Deviation Mean 

Pair 1 Mean.June .28.2008.0ul.tem p 23 .4734 59 1.26480 .16466 

Mean .July.13.200B.OLIUem p 20.B931 59 1.56073 .20319 

Palr2 Max.June.28 .200B.OuUcm p 2!i.0424 59 1.74763 .22752 

Mean.July.13.200B.OuUcm p 20.B931 59 1 .56073 .20319 

Paired Samples Correlations 

N Correlation S1ft. 
Pair 1 Mcan.Junc.28.2008.0ut.tcm p & 

Mcan.July.13.2008.0uttcm p 
!t9 .657 .000 

Pair 2 MallJunc.28.2008.Duttcm p &. !i9 .324 .012 
Mcan.July.13.2008.DuUom p 

Paired Samples Test 

Paired Differences 

95% Confidence Interval 
of the Difference 

Mean De~~iion St~e;~or Lower UDDer t df 1~~le~i 
Palrl lIIean.June.28.2008.0uttemp - 2.58EO 1.20077 .t5633 2.26742 2.89326 1.65Et 58 .000 

JoIean.Juty.13.200a.Oultemp 
Pair 2 JoIax.Jun8.28.2008.0uUemp -

JoI8an.Juty.13.200a.Oultemp 
U4EO 1.92900 .2St t3 3.64662 4.65202 I .SSEI 58 .000 

b) Similar outdoor temperature, different solar irradiance 

Paired Samples Statistics 

Sid . Error 
Moan N Sid . Doliation Moan 

Palr1 Moan.Juno .14.200B.Solar 212480 59 1.48149 .19287 

Moan.Juno21 .2008.Solar 21 .2247 59 1.38045 .17972 

Palr2 MallJuno.14.2008.Solar 22.3686 59 1.59225 .20729 

MallJuno.212008.Solar 21.7246 59 1.20764 .15722 

Paired Samples Correlations 

N Correlation Slg, 
Pair 1 Mean .June.14 .200B.Solar & 59 .765 .000 

Mean.June.21.200B.Solar 

Pair2 Max.June.14.200B .Solar & 59 .610 .000 
Max.June.21 .200B.Solar 
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Paire d s..mples Test 

Paired Differences 

95% Conndanca 
InteMlofthe 

Difference 

Std. 
SW. Error S;~ . (2· 

Melt" D • .,.; .. U,m M . .. " Lowf:!r Upper t df ",,1_<& 
Pll lr 1 Melln.June.14.2008.Solllr· .02424 .98515 .12826 -.23249 .28097 .189 58 

MeHn.Juntl .21.2008.SoIHr 

Pair 2 MallJune.14.2008.Solar - .64407 1.28335 .16708 .30962 .97851 3.855 58 
MallJune.21.2008.Solar 

• Appendix 10.13: Regression analysis between indoor temperature and global 
solar irradiance (Percentage greater than 25°C, 26°C, 27°C). 

Three regression analyses are carried out between indoor temperature and global 
solar irradiance as follows: 

a) Gr.25 

Va riables Entered/Removed!! 

rde Variables Variables 
Entered Removed Method 

1 GR.2S. P'-' Enter 

a. ,All requested variables el1tered. 

b. Dependent Variable : Irradiance 

Model Summary 

rde Ad~Llsted R Std . Error of 
R R Square ~Quarc the Estimate 

1 .8841\ .78:.! .738 :.!8.a:J647 

a. Predictors : (Constant), GR.25 .P 

Sum of 
I\Aodel Squares df lVIoan Square F 
1 Regress ion 14919.148 1 14818.148 17.942 

Residual 4157.7fl9 !i 831 .542 

Total 1 9f)7 6.857 6 

a. Predictors : (Constant), GR.25.P 

b. Dependent Variable : Irradiance 

.851 

.000 

SJg, 
. OO8~ 

434 



Coefficients' 

Standardized 
Unslandardized Coefficients Coefficie nts 

Model B Std, Error Beta t Sla, 
1 (Constant) 116,229 22,405 6 ,188 .004 

GR,25,P 1,640 ,387 ,884 4,236 .008 

a. Dependent Variable: Irradlanoo 

b) Gr.26 

Va ria bles Ente red/Removedb 

lMode Variables Variables 
Entered Removed Method 

1 GR.26.P* Entor 

a . All requested variables el1tered. 

b. Dependent Variable: Irradianoo 

Model Summary 

~de Ad~ustCd R Std . Error of 
R R Square )Quarc tho Estimate 

1 .901a .814 .776 :l6.66 :l99 

a. Predictors : (Constant), GR.26.P 

Sum of 
Model Squares df Mean Square F Sig. 
1 Rogress lon 155:l:l .:l83 1 1!i!i22 .283 21 .834 .0054 

Rosidual 3554.575 1) 710.91!i 

Total 19fJ76.857 6 

a . Predictors : (Col1stant), GR.2S.P 

b. Dependent Variable : Irradlanoo 

Coefficients· 

Standardized 
Unstandardized Coefficients Coefficients 

ModAl B Std . Error Beta t SiQ. 
1 (Constant) 162.404 12.782 12.706 .000 

GR.26.P 2.388 .511 .902 4 .673 .005 

a. Dependent Variable: Irradiance 
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c) Gr.27 

Variables Entered/Remoyed~ 

roe Variables Variables 
Entered Removed Method 

1 GR.27.p$ Enter 

a. All requested variables el1tered . 

b. Dependent Variable : Irradiance 

Model Summary 

rde Ad~Llsted R Sid . Error of 
R R SQuaro )Quare tho Estimato 

1 .554a .3fJ7 .168 51.41854 

a. Predictors: (Constant), GR.27.P 

Sum of 
Mod,,1 Scuares df Mean Scuare F Sic. 
1 Regression 5857.524 1 5857.524 2.216 .197" 

Residual 13219.333 

Total 19076.857 

8 . Predictors : (Constant), GR.27.P 

b. Dependent Variable: Irradiance 

5 2643.867 

6 

Coefficients' 

Standardlzod 
Unstandardi2ed Coefficients Coefficients 

Mnrl .. 1 B Std. Error Beta 

1 (Constant) 187.333 20.992 

GR.27.P 5.373 3.610 .554 

a. Dependent Variable : Irradiance 

t 

8.924 

, .488 

• Appendix 10.14: Regression analysis between indoor temperature and 
global solar irradiance (Mean and Maximum). 

Three regression analyses are carried out between indoor temperature and global 
solar irradiance as follows: 
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a) Mean 

Variables Entered/Removedll 

r'de Variables Variables 
Entered Remowd Method 

1 Meane Enter 

a. ,AJI requested variables el1tered. 

b. Dependent Variable : Irradiance 

Model Summary 

Mode Adtsted R Sid . Error of 
I R R Square ~Quare the Estimate 
1 .902' .fl13 .776 26.71431 

a. Predictors : (Constant). Mean 

Sum of 
ModAl Squares df M:lan Square F 510 . 

1 RegreSSion 155118.585 1 1:':'08.:'8:' 21 .731 .006" 

Residual 3568.272 r; 713.654 

Total 1 9r)76.857 6 

a. Predictors: (Constant), Mean 

b. Dependent Variable : Irradiance 

Coefficients I 

Standardized 
Unstandardized Coefficients Coefficients 

Model B Std. Error Beta I Sia. 
1 (ConSIant) -1679.682 403.163 -4.166 .009 

Mean 75.352 16.164 .902 4.662 .006 

a. Dependent Variable : Irradiance 

b) Maximum 

Variables Entered/Removedll 

r'de Variables Variables 
Entered Rcmowd Method 

1 Max' Enter 

a. ,AJI requested 'Variables entered. 

b. Dependent Variable : Irradiance 
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Model Summary 

~de Adtstcd R Sid . Error of 
R R Square ~Quare the Estimate 

1 .8888 .7BB 

a. Predictors : (Constant), Max 

A/IlOVAb 

Sum of 
Modp.1 SQuares df 
1 Regression 15027.174 1 

Residual 4fJ49.684 ;, 

Total 19fJ76.857 6 

a. Predictors: (Collstallt), Mal( 

b. Dependent Variable : Irradiance 

Coefficients· 

Unstandardized Coefficients 

l'And!'!1 B Std, Error 

1 (Consta nt) -1533.199 402.324 

Max 66.904 15.532 

a. Dependent Variable : Irradiance 

.745 2B.45939 

Moan Square F 
15027.174 18.554 

809.937 

Standardized 
Coefficients 

Beta t 
-3.811 

.888 4.307 

• Appendix 10.15 : Comparison of the maximum indoor temperature on 
different thermal mass levels 

ANOVA 

Sum of 
SQuares df ~an Sauare F 

Max.indoor.Temp Botwoon Groups 36.274 2 18.137 7.347 

Within Groups 133.31)4 54 2.469 

Total 168.r.79 56 

Moan.lndoor.Temp Between Groups 27.584 2 13.782 12.642 

Within Groups !i1l .B7f) !i4 1 .090 

Total 86.434 56 

SiQ. 
. OO8~ 

Sia, 
.012 

.008 

Sig. 
.'1'12 

.II'll) 
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De.",,,,,IIIO. 
95·" Cooftdanco tntol'\9l for 

MoRn 

N Mean Sid. De .... on Std. E,ro' LOIM.' Bound UDDer Bo nd Minimum IIAmdmum 
I\4aKlndoor.Temp H 16 23.6563 .90312 .22678 23.1760 24.1376 22.25 26.00 

M 21 24.9643 1.33630 .29139 24.3666 26.6721 22.00 27.00 

L 20 26.6626 2.12020 .47409 24 .6702 26.6648 22.75 31.76 

Total 67 24.8421 1.74017 .23049 24.3604 26 .3036 22.00 31.75 

Mean.lndoor.Temp H 16 22.3627 .62248 .16662 22.0210 22.6644 21 .26 23.62 

M 21 24 .0648 1.04183 .22736 23.6606 24.5290 21 .76 26.06 

L 20 23.6297 1.26451 .26723 23.0265 24.2308 21.29 26.66 

Total 67 23,4278 1.24236 .16466 23.0982 23.7676 21.26 26.66 

ANOVA 

Sum of 
Sguares df Mean ~quare F SiQ . 

Maxlndoor.Tem p Between Groups 36.274 2 18.137 7 .347 !lrJ2 

Within Groups 133.3fJ4 54 2.469 

Total 169.579 56 

Mcan.lndoor.Temp Between Groups 27.564 :2 13.7B2 12.642 !lrJrJ 

Within Groups 58.fl7f) 54 1.090 

Total 86.434 56 

• Appendix 10.16: Impact of aircraft noise on occupants' speech intelligibility 

Case Processing Summary 

Cases 

Valid MissinQ Total 

N I Percent N I Percent N I Percent 
SPeech.lntl • Window 60 I 100.0% o I ,0% 60 I 100.0% 
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SPeech.lntl * Window Crosstabulation 

Window 

ODen Close Total 
SPeech.lntl Bad.SP Count 29 21 50 

% within SPeech.lntl 58.0% 42.0% 100.0% 

% within Window 96.7% 70.0% 83.3% 

% ofTotal 48.3% 35.0% 83.3% 

Adjusted Res idual 2.8 -2.8 

Good.SP Count 1 9 10 

% within SPeech.lntl 10.0% 90.0% 100.0% 

% within Window 3.3% 30.0% 16.7% 

% ofTotal 1.7% 15.0% 16.7% 

Adjusted Res idual -2.8 2.8 

Total Count 30 30 60 

% within SPeech.lntl 50.0% 50.0% 100.0% 

% within Window 100.0% 100.0% 100.0% 

% ofTotal 50.0% 50.0% 100.0% 

Chi.Square Tests 

As~p. Si9. Exact Sig . (2- Exact Sig . (1 -
Valuo df c: -sidod) sidod) sldod) 

Poarson Chi-Square 7 .680a 1 .006 

Continuity CorrectionD :' .880 1 .015 

Likolihood Ratio 8.647 1 .003 

Fisher's EJCact Tost .012 .006 

Linoar-by-Lincar 7.:'52 1 .006 
Association 

N of Valid Cases 60 

a. 0 cells (.O%) haw expected count less than 5. The minimum expected count is 5.00. 

b. Com puted onlyfor a 2lG2 table 

Symmetric Measures 

Valuo AoDrOx. Siq. 
Nominal byNominal Phi .358 .OOS 

Cramer's V .358 .OOS 

N of Valid Cases 60 
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• Appendix 10.17: Impact of aircraft noise on occupants' annoyance level 

Variables e:ntered/~emovedb 

rde Variables Variables 
Enterod Removed 

1 Window. 
Status , 
Activity" 

a . .Al1 requested wriables entered. 

b. Dependent Variable: Annoyance 

Model Summary 

Mothod 
Entor 

r de Ad~usted R S1x:t . Error of 
R R Squaro )Quaro tho Estimato 

1 .461 a .212 .1 77 

a. Predictors : (Constant). Window. Status. Activity 

Sum of 
ModAl Squares df 

1 Regression 9.225 2 

Residual :i4.254 4[> 

Total 43.4 79 47 

CI . Predictors: (Constant), Wi ndow. Status , .Al:tivity 

b. Dependent Variable : Annoyance 

Coefficients • 

Unstandardizcd Coefficients 

Model B Std, Error 
1 (Constant) 2.229 .333 

Activity -.308 .113 

Window.Status .542 .252 

a. Dependent Variable : Annoyance 

Mean Square 
4 .613 

.761 

Standardized 
Coefficients 

Beta 

-.362 

.285 

.B7247 

F 

6.059 

t 
6.691 

-2.737 

2.151 

Siq. 
.0{)5e 

Sia. 
.000 

.009 

.037 
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• Appendix 10.18: Share of each activity inside classrooms 

Paired Samples Stalistics 

Std . Error 
tv1can N Sid . Deviation Mean 

Pair 1 Jlctivity.2 42.00()0 18 16.69801 3 .93576 

Jlcti vity. Othe rs 19.2778 18 14.22428 3.35269 

Paired Samples Correlations 

N Correlation I SiQ_ I 
Pair 1 Jlctivity.2 & Jlctivity. Othe rs 18 - .392 I .108 I 

Paired Dlffcrenccw 

95% Conldence Interval 01 tie 
Difference 

Sill . 
Std . Error 

Meat! De"'a'"" Me till Lower Upper t 
f'a lr1 k!i-.ity2 -

k!i-.ity.Others 
2.2722El 2.S633El 6.06910 9.67534 35.56910 3.EO 

• Appendix 10.19: Ventilation control level vs. Aircraft noise in different 
schools 

Variables Entered/Removedb 

IViode Variables Variables 
I Entered Removed Method 

1 Aircraft4 Enter 

a. All requested 'lBriables entered. 

b. Dependent Variable : Ventilation .control 

Model Summary 

df 
17 

IViode .Ad~Llsted R SUI . Error of 
I R R Square ,Quare the Estimate 
1 .271' JJ73 JI64 1_88569 

a. Predictors : (Constant), Aircraft 
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Sum of 
!\And,,1 Sauares df Moan Sauare F Sia . 

1 Regression 'J.7.fJ58 1 27.058 7 .609 .007<11 

Residual 341.36fJ 96 3.556 

Total 368.418 97 

a. Pr~dictors : (COllstallt). Aircraft 

b. Dependent Variable : Ventilation . control 

Coefficients' 

Standardized 
Unstandardi2ed Coefficients Coefficients 

Model B Std. Error Beta t Sia. 
1 (Constant) 3.188 .582 5.482 .000 

Aircraft .297 .107 .271 2.759 .007 

a. Dependent Variable : Ventilation .control 

• Appendix 10.20: Relation between aircraft and schools' noise with students' 
distraction 

a) Year 3- Year 4 

Group Statistics 

Noise. Std . Error 
St'lllr('.1>~ N tv1can Std . Deviation lVcan 

Distraction School Noise 324 2.0185 .66279 .03682 

Aircraft Noise 162 2 .2037 .93343 .07334 

Indepe"dent Sample. Teat 

Lcycnc'l TDlt far 
t~toatfor Eauallt of Moana EcuAlltvot Vartance. 

95%of:''IlI~","~-
Mean Sill Error 

F Slu. t dl Slu. (2-b1 I1.d) Dftfwttfu.:tI DlffBrl:U1L~ lowtlr Uuu., 
OistrHctkm Equal WrlimCittS 44.81' .000 ·2.5EO 484 .012 ·.18519 .07147 ,.32955 ·.04082 

assumed 

Equal variances not ·2.2EO 2AE2 .Q2~ ·. 1e~19 .08200 ,.34082 ·.Q23'~ 
assumed 

Case Processing Summary 

Cases 
Noise. Valid Missin~ Tota l 
Saurc ... ~ N Percent N Percent N Percent 

Distraction La,)(>ut 324 99.4% 2 .6% 326 100.0% 

Aircraft 162 99.4% 1 .6% 163 100.0% 
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b) Yearl-Year2 

Group Statistics 

Noise.Sources N Wean SId.OCl.1ation 
Distraction Schools ' Noise 133 1.2632 .44201 

Aircrafts ' Noise 106 1.3302 .47252 

LclO'to" Tcstlor E<jualHyot 
V.,I.nUlI t.toltfor !auAI o'ftt:.n, 

Obtr¥t.1K.m E~u.l ""r1aIl4.."'i5 
••• unlctd 

Equ.1 ~~rlfJe. not 
••• umed 

Noise .Sources 

Distraction Schools' Noise 

Nrcrafts ' Noise 

NwIlU Sill EtTur 
Sly I df ... . 2·""0<1 Dlfli:tl'tlllC'f Olfl'IfIV11t. .. 

.028 -1 ,,:fa 2S7 .260 '.08703 .05934 

-1 .121 2161~! .244 · .OfS10~ .05979 

Case Processing Summary 

Cases 

Valid Misslnl:j 

N Percent N Percent 
133 50.0% 133 50 .0ro 

106 50.0% 106 50.0ro 

Sid. Error 
l\Aoan 

.03833 

.04589 

95% COnfi~,"~C:~~'MI ofth. 

luwlfr UPlltif 

-18394 .04988 

- 1s.t88 ~O82 

Total 

N Percent 
266 100.0% 

212 100.0% 
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• Appendix 10.21: Relation between window status and 'aircraft noise and 

activity' 

Case Processing Summary 

Cases 

Valid MlssinQ Total 

N Percent N Percent N 
Windows.status • Acti'li1y 33 100.0% 0 .0 % 33 

Windows.status • Aircraft 33 100.0% 0 .0% 33 

a) Windows.status * Activity 

Croaatab 

AcIl'lltv 

Silenl Lecturina Group Group 
Window.status Open Count 4 7 6 3 

". within Windows.status 20.0% 36.0% 30 .0% 16.0,}, 

". within k;tivity 44.4% 60.0'/. 86 .7% 1 00.0~, 

", of Total 12.1% 212'/. 18.2% 9.1 % 

,6dJusted Residual -1.2 -1.1 1.5 1.5 

Close Count 6 7 1 0 

". within Windows.status 38.5% 63.8'/. 7 .7% .0"/, 

". within k;tivity 55.6% 60.0'''' 14.3% .O~O 

% of Total 15.2% 21.2'/. 3.0% .O~, 

MJusted Residual 1.2 1.1 -1.5 -1.5 

Total Count 9 14 7 3 

". Within Windows.status 27.3% 42.4'/. 212% 9.1,}, 

". within k;tivity 100.0% 100.0'/. 100.0% 100 .0~, 

". ofTotal 27.3% 42.4'/. 21 .2% 

Chi-Square Tes ts 

Valuo df 
As!!p. Sig. 

(; -sidOd) 
Poarson Chi-Squaro 5 .443' 3 .142 

likelihood Ratio 6.736 3 .081 

Linear-by..Linoar 4 .589 1 .032 
Association 

N of Val id Casos 33 

a .. 5 .cells (62 .5%) ha\{j elCpected count less than 5. The 
minimum expected count is 1.18. 

9.1% 

Percent 

100.0% 

100.0% 

Total 
20 

100.0'/. 

SO.S'/. 

SO.S'/. 

13 

100.0'/. 

39.4'/. 

39.4'/, 

33 

100.0'/. 

100.0'/. 

100.0'/. 
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Symmetric Measures 

Valuo ADorox. 8io. 
Nominal byNomlnal Phi .406 .142 

Cramer's V .406 .142 

N of Valid Cases 33 

b) Windows.status * Aircraft 

Crosstllb 

Aircraft 

Absent Present Total 
Windo.status Open Count 15 5 20 

% within Windows .s tatus 75.0% 25.0% 100.0% 

% within Aircraft 882% 31 .3% 60.6% 

% ofTotal 45.5% 15.2% 60.6% 

Mjusted Res idual 3.3 -3.3 

Close Count 2 11 13 

% within Windows .s tatus 15.4% 84.6°A. 100.0% 

% with in Aircraft 11.8% 68.8% 39.4% 

% ofTotal 6.1% 33 .3°A. 39.4% 

Mjusted Res idual -3.3 3.3 

Total Count 17 16 33 

% within Windows .status 51.5% 48 .5% 100.0% 

% within AIrcraft 100.0% 100.0°A. 100.0% 

% ofTotal 51.5% 48.5% 100.0% 

Chi-Square Tests 

Value df 
As}1'l1p . Sjif· (;l-sidod 

Exact S'~i (2-
sided 

ExactSlg . (1-
si doel) 

Pearson Chi-Square 11 .211' 1 .001 

Continuity CorrectionD B.951 1 .003 

Likelihood Ratio 12.062 1 .001 

Fisher's E:.act Test .001 .001 

Linear-by..Linear 
AsSOCiation 

10.B71 1 .001 

N of Valid Cases 33 

a. 0 ~lIs (.0%) ha~ eJqJected COUllt less than 5. The minimum eJqJected COUll t is 6.30. 

b. Com pUled only for a 2)(2 table 
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Symmetric Measures 

Value Approx. SiQ. 
Nom inal by Nom inal Phi .583 .001 

Cramer's V .583 .001 

N of Val id Cases 33 

• Appendix 10.22: Study indoor air quality based on BBlOlguideline 

a) Criterion I 

One-Sample Statistics 

S1ll . Error 
N Mean S1II . DelAa1ion MeBn 

Maximum 11 1455.3636 510.07446 153.79324 

One-Sample Test 

Test Value = 5000 

95% Confidence Interval of the 
Difference 

Mean 
t df Sio. 12-tailedl Difference Lower Upper 

Mellimum -23.048 10 .000 -3544.63636 -3887.3090 -3201 .9637 

b) Criterion 2 

One-Sample Statistics 

Sid . Error 
N Moan SId . OCl.1ation Moan 

A',crago 11 768.9414 228.71205 68.95928 

OneoSample Tellt 

To.1 Valuo = 1500 

95% Conndence InteMiI orthe 
Difference 

SiQ . 12-flIiiedl 
MtlSIl I I df Differel1ce Lower Upper 

Awrllge -10 .601 10 .000 -731 .05861 -884.7095 I -577.4078 
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c) Criterion 3 

PE..Y3.15.July 

JIE.Y4 .7.July 

Gr.Y2.10.Jul 

Gr.Y2.11 .Jul 

Gr.Y3.25.Jull 

Gr.Y3.26.Jull 

Gr.YS.27 .Jull 

Gr.YS.30.Jull 

Gr.Y4.01 .Jul 

One-Sample Statistics 

Std . Error 
N Mean Std . DolAation Moan 

AE.Y3.15.July 10 1068.8800 60.62861 19.17245 

AE.Y4.7.July 41 2264.4854 704.48476 110.02204 

AE .Y6.14.July q 9 .D 

Gr.Y2 .10.Jul 28 1158.8500 127.36993 24.07065 

Gr.Y2 .11 .Jul 24 1073.2417 58.79315 12.00110 

Gr.Y2.24.Jun q 8 D 

Gr.Y3.25.Jun 107 1573.9355 278.35009 26.90912 

Gr.Y3.2B.Jun 26 1139.6500 137.22993 26.91300 

Gr.Y4.02.Jul ql D 

Gr.Y6.27.Jun 160 1410.4694 284.85593 22.51984 

Gr.Y6.30.Jun 174 1395.8121 263 .52304 19.97763 

Gr.Y4.01.Jul 13 1112.84 45.563 12.637 

a. t cannot be com puted because the sum of caseweights is less 
than or equal 1. 

b. t cannot be com puted. There are no valid cases for this ana l~is 
because all caseweights are not positi'oG. 

One.Sample Test 

Test Value = 1 aoa 
96% Confidence Inlerval of the 

Difference 

Meall 
t df SiQ . 12-taliedl Differellce Lower Upper 

3.593 9 .006 68.88000 25 .5089 112.2511 

11 .493 40 .000 1264.48537 1042.1225 1486.8482 

6.599 27 .000 158.85000 109.4611 208.2389 

6.103 23 .000 73 .24167 48 .4155 98.0678 

21 .329 106 .000 573.93551 520 .5856 627.2855 

5.189 25 .000 139.65000 84 .2216 195.0784 

18.227 159 .000 410.46937 365 .9928 454.9460 

19.813 173 .000 395.81207 356 .3808 435 .2433 

8.929 12 .000 112.838 85.30 140.37 
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• Appendix 10.23: Study indoor air quality based on BSRIA guideline 

One-Sample Statistics 

SlIl. Error 
N tJlcan SlIl . DclAation Mean 

AE .Y3.15.July 99 904.1495 79.25480 7.96541 

AE .Y4.7.July 72 1670.8917 867.59246 102.24675 

AE .YB.14.July 8 908.9250 38.65003 13.66485 

Gr.Y.2.10.Jul 67 995.6881 166.73857 20.37036 

Gr.Y2.11 .Jul S8 975.7172 100.08578 13.14191 

Gr.Y2.24 .Jun 4 845.5875 45.62292 22.81146 

Gr.Y3.25.Jun 126 1472.5111 353.20372 31.46589 

Gr.Y3.26.Jun 114 951 .2456 132.11758 12.37395 

Gr.Y4 .02.Jul S1 894.9529 57.90275 8.10801 

Gr.YB.27 .Jun 183 1345.8333 317 .15064 23.44445 

Gr.YB.30 .Jun 243 1258.2523 313.87057 20.13481 

Gr.Y4.01 .Jul 32 979.8156 125.9097:i 22.25791 

One.SalTlple Test 

Test Value = aWl 

95% Confidence Interval of the 
Difference 

Meall 
t df Sill. 12-tailedl Differellce Lower Upper 

AE.Y3 .1S.July 13.075 98 .000 104.14949 88.3424 119.9566 

AE.Y4 .7.July 8.518 71 .000 870.89167 667.0174 1074.7659 

AE.YS.14.July 7.971 7 .000 108.92500 76.6128 141.2372 

Gr.Y2.10.Jul 9.607 66 .000 195.68806 155.0173 236.3588 

Gr.Y2.11 .Jul 13.371 57 .000 175.71724 149.4010 202.0335 

Gr.Y2.24 .Jull 1.998 3 .140 45.58750 -27.0087 118.1837 

Gr.Y3 .25.Jull 21 .373 125 .000 672.51111 610.2362 734.7860 

Gr.Y3 .2B.Jull 12.223 11 3 .000 151 .24561 126.7306 175.7606 
Gr.Y4.02.Jul 11 .711 50 .000 94.95294 78.6675 111 .2384 

Gr.YS.27.Jull 23.282 182 .000 545.83333 499.5755 592.0912 
Gr.YS .30.Jull 22.759 242 .000 458.25226 418.5904 497.9141 
Gr.Y4.01 .Jul 8.079 31 .000 179.81562 134.4203 225.2109 
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• Appendix 10.24 : Relation between' Air quality' VS 'Aircraft noise leveP 

Variables EnteredlRemoved'> 

M>de Variables Variables 
I Entered Removed Method 
1 Aircraft.Noise . Enter 

Level" 

a. 1111 requested variables entered . 

b. Dependent Variable: Ventilation .Control.Level 

Model Summary 

Mode Ad~usted R Sid. Error of 
I R R SQuare ,Quare the Estimate 
1 .271 8 }173 })64 1.88569 

a. Predictors : (Constant). Aircraft.Noise.LeV91 

Sum of 
Jv10del SQuares df Mean Square F SIQ. 
1 Regression 27 .r1f,8 1 27 .0!18 7 .609 .0078 

Residual 341.36fJ 96 3.556 

Total 368.418 97 

a. Predictors : (Collstant), Alrcraft.Noise.Lewl 

b. Dependent Variable : Ventiiation .Control.Lell9l 

Coefficients" 

Standardized 
Un standardlzcd Cooficiants Coofficlents 

-.M.ldtil B Std. Error Beta t Sio . 
1 (Constant) 3.188 .582 6.482 .000 

IIIrcran . Nolse.Le~1 2.97 .107 .271 2.769 .007 

a. Dependent Variable ' Ventllation.Control.Le',t9l 
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The main source of ventilation in the majority of UK schools is windows. The occupants of the classroom 
(Le. pupils and teachers) in noisy areas tend to shut windows especially during quiet activities (Le. silent 
and lecturing activities) to reduce the effect on teaching of aircraft noise as well as other external noises. 
Closing windows has two negative impacts on classroom environments. Firstly it increases the likelihood 
of classrooms experiencing overheating in hot weather and secondly poor air quality due to the lack of 
sufficient ventilation in the building. Through objective and subjective in a number of schools using 
surveys. monitoring of indoor temperatures, and testing of air quality and aircraft noise levels it was 
concluded that those schools located in the vicinity of Heathrow Airport are more likely ro experience 
overheating and poor air quality due to aircraft noise, which can subsequently have a negative impact on 
students' achievements. 
Implications: Overheating is a growing concern in UK schools and is likely to become more so in the 
context of a warming climate. Poor air quality and excessive noise levels are also known to be a problem 
for learning. This paper shows that all these effects are exacerbated by airport noise causing teachers to 
keep windows closed and suggests that this should be a concern for designers and policy makers. 

1. Introduction 

There is a significant relationship between various environ
mental factors (e.g. indoor temperature [I) , noise level (2). air 
quality [3] and light level (4)) and students' academic achieve
ments. By looking at the environmental conditions in primary 
schools' classrooms which are located under the Heathrow flight 
path. it is possible to investigate the environmental problems and 
suggest new methods to provide better environmental conditions. 

An important role of natural ventilation in buildings in free
running mode (i.e. without mechanical heating or cooling) is to 
remove excessive heat and provide fresh air in a building. However, 
this is more difficult in schools under aircraft flight paths due to 
a high level of aircraft noise entering through openings [5] and 
making it hard to teach. 

This study is conducted in three parts. Each part contains 
a specific methodology and produces specific results. The meth
odology employed uses an objective survey to monitor tempera
ture, air quality and noise and subjective surveys. Subjective 

• Corresponding author. Tel.: +44 795 1133230. 
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(A. Montazami ). 
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surveys were carried out by interview and two types of question
naires that were deSigned for this study. One type of questionnaire 
was designed to assess the classrooms' subjective environmental 
conditions. mainly thermal comfort. noise level. lighting level and 
indoor air quality. Ninety two questionnaires were filled out by the 
teachers of 15 naturally ventilated schools in June and July of 2007 
and 2008. Another type of questionnaire was designed based on 
semantic differential questions to assess the impact of aircraft noise 
on students. In the Students' questionnaires, questions are asked 
about the frequency of noise from different sources and the impact 
on students' concentration level and also teachers' speech intelli
gibility during lecturing are questioned. Students were additionally 
questioned about whether they had asked the teacher to close 
windows. One hundred and sixty three questionnaires were 
completed by the students of two naturally ventilated schools 
located under Heathrow flight path in June and July 2008. 

2. Impact of high level of aircraft noise on overheating level 

2.1. Methodology 

Indoor temperature is affected by climate and building charac
teristics. According to CIBSE (2006). the key characteristics for 
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preventing overheating are ventilation rate, solar gain, thermal 
mass. building design and internal gain (6). Indoor temperatures of 
70 classrooms from 18 natura lly ventilated primary schools in 
London were recorded every half hour by placing two temperature 
data loggers called 'I Buttons' in each classroom in june and july of 
the years 2005, 2007 and 2008. The instruments have an accuracy 
of (± O.s °C). 

Graph 1 shows the average percentage distribution of indoor 
temperature in all schools in 2005,2007 and 2008. 

The schools were simply categorised as noisy or quiet schools. 
Noisy schools are defined as those lying in the Heathrow noise map 
of above 57 dBA and Quiet schools are defined as those lying 
outside the noise map. This is under constant review (7). Aircraft 
noise contours are shown in Fig. 1. The lowest level contour 
provided on noise maps for Heathrow is 57 dBA and regarded as the 
limit to the noise impact of the airport because the percentage of 
people who found aircraft noise to be unacceptable. increases from 
15% at 57 dBA to around 57% at 69 dBA based on the Aircraft Noise 
Index Study (ANIS) in 1984 (ibid). 

Fig. 1 shows the location of schools which are located in 
Hounslow borough on the aircraft noise contour map. In addition, 
the location of all schools on the contour map in this study are 
summarised in Table 1. 

Dimensional measurements, solar gain calculation and thermal 
mass evaluations were carried out for each classroom. Climate 
conditions (i.e. outside temperature and solar irradiance) are 
different for each classroom on each day and each creates a unique 
'class-day' scenario. It has been demonstrated that a fixed nation
wide threshold temperature is not adequate to evaluate over
heating due to the fact that comfort temperature varies in 
accordance with outdoor running-mean temperature which is not 
fixed . The severity of overheating is as important as its freque ncy of 
occurrence, Severity depends on the occupied hours above 
threshold, therefore by changing the number of occupied hours, the 
result can be altered to solve the overheating problem. This is quite 
unrealistic, deceptive and overall it is debatable whether over
heating should be measured over a whole year or a shorter period 
during a year (8). Therefore, adaptive and fixed (both) threshold 

temperatures are used in this study to evaluate occupants' 
percentage of dissatisfaction from overheating. 

To study the impact of high levels of aircraft noise on the 
percentage of dissatisfaction expected from overheating, compar
isons were carried out between the percentages of dissatisfaction 
from overheating in classrooms located in noisy areas with those 
classrooms located in quiet areas. Therefore, groups of classrooms 
with similar properties (i.e. thermal mass, solar gain potential) with 
the same climate conditions (Le. on days which have similar solar 
irradiance and outside temperature) were compared. 

For this comparison, all data are categorised for discussion in the 
following five steps. 

2.1.1. First step 
The schools (and consequently their classrooms) are categorised 

into two groups of noisy and quiet based on the 57 dB(A) Leq dis
cussed earlier. 

2.1.2. Second step 
The classrooms in each group (noisy and quiet) are categorised, 

firstly according to their thermal mass level and secondly according 
to the solar gain. The methods of division are summarised as follows : 

2.1.2.1. Classrooms division according to the solar gain. The risk of 
receiving solar gain of 60 classrooms on a clear day in june and july 
of this study are calculated for the perimeter zone which is within 6 
meters on the plan from a window wall. 

The risk of receiving solar gain is calculated based on the 
following formula which is proposed by (IBSE TM37. 

[QSI = (l / Ap) L)Ag Qs geff)] 

In this formula: Qsl = the solar load per unit floor area in a space 
(W/m2); Ap - the perimeter zone floor area which is within 6 
meters on plan from a window wall or roof light (m2); Ag = the net 
area of glazing of each element in the perimeter zone for a partic
ular orientation of an opening (W/m2); Qs = the external solar 
radiation for a particular orientation of an opening which can be 

~ . ,. 

I 

London Borough of Hounalo\N 
and Surrounding Boroughs 
2002 LEQ Nolae Contours 

57 LEO 
80 LEO 
83 LEO 

. 88 LEO 

. 611 LEO 

. 72 L E O 

... -- R u nway 

[::::::J Borough Boundary 

FIg. 1. locations of schools which are located in Hounslow borough on aircraft noise contour map (Using aircraft noise counter derived from Hounslow Borough website from 
a report by Civil Aviation Authority. It was carried out on behalf of the Department for Transport. The base map Contains Ordnance Survey data C Crown copyright and database 
right 2010). 
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Fig. 2. A classrooms photo when the teache r sits in the chair and students sit around 
him/her on the noor (Picture courtesy Evening Gazette. Middleborough ). 

found from the CIBSE irradiance tables; geff = related in to the 
window specification and type of shading. 

It should be noted that in the solar gain calculation, over
shadowing impacts (Le. as the result of any tree or building) on the 
external solar radiation are considered. 

The data are tested and it is discovered that they are normally 
distributed. The mean and median of these data are 50 W/m2. For 
this reason, classrooms in this study are divided into two groups 
according to their maximum risk of receiving solar gain on a clear 
day in June and July based on the threshold of 50 W/m2. The 
following graph (Graph 2) shows the distribution of risk of 
receiving solar gain from 60 classrooms. 

2.12.2. Classrooms division according to the thennal mass. In the 
preliminary study of this research, the indoor temperatures of 140 
number classrooms are recorded at different schools around Lon
don. These schools are divided into the following groups according 
to the thermal mass: 

• Heavy thermal mass schools mainly refers to the schools built 
in the Victorian era (built 1840-1900) and constructed with 
'heavy thermal mass' material. 

• Low thermal mass schools mainly refers to the schools built 
after world War I and world War II and constructed low 
thermal mass material. 

• Medium thermal mass school manly refers to the schools that 
are not placed in the heavy and low thermal categories and 

l ucher Student 
(2nd __ ) 

Student 
(3rd row) 

Fig. 3. A classroom layout and the distance between teacher and students when the 
teacher sits on the chair and students sit around him/her on the noor (A.Montazami ). 

mainly after the oil ensls 10 1973 and constructed with 
medium thermal mass material. 

In this part of study, only the medium thermal mass classrooms 
located in noisy regions are compared with those located in quiet 
regions. This is because only the medium thermal mass schools are 
evenly distributed in noisy and quiet regions. 

2.1.3. Third step 
Generally there are two types of models for assessing the 

overheating which are fixed and adaptive models. In fixed model, 
comfort temperature is based on a fixed temperature and in 
adaptive model, comfort temperature is related to the running
mean of external temperature. 

The three overheating guidelines which are proposed based on 
fixed models for the UK primary schools' classrooms are Building 
Bulletin 101 (9), Building Bulletin 87 (10) (written by the Depart
ment for Education and Skills) and the one is written by Chartered 
Institution of Building Services Engineers (CIBSE). BBI01 is the 
updated version of BB 87 and currently is used for designing and 
refurbishing UK primary schools. These guidelines are mainly used 
to assess whether a classroom is overheated or not. Based on these 
guidelines people may feel warm if the indoor temperature exceeds 
25 °C and hot if the indoor temperature exceeds 28 0c. 

European Standard EN15251 (11) suggests that comfort 
temperature (Tel in naturally ventilated buildings can be calculated 
from the outdoor running-mean temperature (Trm) from the 
formula: 

/ 

/ 
/ 

/ 

Fig. 4. Classroom layout when students sit on the Ooor around a teacher 
(A.Montazami ). 
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Graph 1. Average percentage distribution of indoor temperature in a ll schools in 2005. 2007 and 2008. 

Table 1 
Aircraft noise level in each school (Using data derived from Fig. 1). 

Schools Cranford Grove STM&M Orchard Wellington Andrew Rosary Heston Hounslow Feltham Pools Ambler Norwood Lady Hungerford Colerain St Green 
Rd Ewing Gildas Church 

Aircraft 66 63 63 63 60 60 57 57 57 < 57 
noise 
level 
dB(A) 
LAeq 

Schools' Noisy 
region 

Tc = 0.33Tnn + 18.8 (1 ) 

Nicol et al (2009 ) [8[ suggests that the likelihood (P) of over
heating (i.e. percentage of dissatisfaction from overheating) in 
naturally ventilated buildings is related to t.T. t.T is the difference 
between measured temperature in the room and the calculated 
comfort temperature (Tc). P can be calculated using the formula : 

e(0.4734· t.T - 2.607) 

p = {1 + e(0.4734>t.T-2.607)} 

4 

2 

20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00 

Solar.gain wlm2 

Graph 2. Risk of receiving solar gain in 60 classrooms. 

(2) 

Quiet 

The mean and maximum percentages of dissatisfaction from 
overheating and the percentage of occasion that indoor tempera
ture exceed 25 °C and 28 DC are calculated for the following groups 
of classrooms for each day. The result is called 'class-day'. 

• Noisy, medium thermal classrooms with the maximum risk of 
receiving solar gain of above 50 W 1m2 on the perimeter zone. 

• Noisy, medium thermal classrooms with the maximum risk 
of receiving solar gain of below 50 W/m2 on the perimeter 
zone. 

• Quiet medium thermal classrooms with the maximum risk of 
receiving solar gain of above 50 W 1m2 on the perimeter zone. 

• Quiet medium thermal classrooms with the maximum risk of 
receiving solar gain of below 50 W/m2 on the perimeter zone. 

Perimeter zone refers to the floor area which is within 6 m on 
the plan from a window wall. 

2.1.4. Fourth step 
The 'class-days' that are calculated in the third step are cat

egorised according to the outside temperature and solar irradiance. 

2.1.4.1. 'Class-day' division according to the outdoor temper
ature. The class-days are divided into forty four groups based on 
the adaptive cooling degree hours which is calculated from adap
tive thermal comfort to assess the percentage of dissatisfaction 
from overheating. 

The class-days are divided into forty groups based in fixed 
cooling degree hours (25 °C) to assess the percentage of occasions 
that indoor temperature exceed 25 °C and 28 dc. 

2.1.4.2. 'Class-day' division according to the solar irradiance. The 
class-days are divided into two groups (i.e. low and high solar 
irradiance) according to daily solar irradiance. In this study daily 
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Table 2 
Averages of 'mean and maximum percentages of dissatisfaction from overheating' for noisy and quiet classroom-days based on cooling degree hours. actual daily solar 
irradiance. risk of receiving solar gain and thermal mass level. 

Ave (pDH.MEAN) Ave (PDH.MAX) 
Scenarios R~k of 

Cooling degree hours Actual daily irradince receiving TbcnnaJ mass 

Snario.1 0 High Above 50 wlml Medium Q>N 7.75 7.93 
Snario.2 1 High Above 50 wlml Medium 4.86 7.11 Q<N 7.65 10.85 
Snario.3 3 Hjgh Above 50 wlml Medium 6.33 10.56 Q<N 11.71 25.75 
Snario.4 4 High Above 50wlml Medium 10.75 9.42 Q>N 14.82 14.9 
Snario.5 5 High Above 50 wlml Medium 6.13 3.9 Q>N 13.26 7.97 Q>N 
Snario.6 6 High Above 50 wlml Medium 11.86 10.51 Q>N 20 21.17 Q<N 
Snario.7 8 High Above 50 wlml Medium 9.8 8.81 Q>N 14.28 13.69 Q>N 
Snario.8 9 High Above 50wlml Medium 8.72 15.87 Q<N 12.72 24.44 Q<N 
Snario.9 14 High Above 50 wlml Medium 20.67 34.42 Q<N 
Soorio. IO 17 High Above 50 wlml Medium 19.75 19.51 Q>N 3Q.92 33.9 Q<N 

Snario.ll 22 
Snario.12 0 Q<N 
Soorio.13 Beklw 50 wlml 7.19 Q<N 9.27 
Soorio.14 3 Below 50 wlml 4.47 7.68 Q<N 6.22 12.29 
Soario.15 4 Below 50 w/ml Medium 12.52 11.3 I Q>N 18.71 17.89 Q>N 
Snario.16 5 Below 50 w/ml Medium 4.69 9.3 Q<N 7.97 15.81 Q<:N 
Snario.17 6 Below 50 wlml Medium 9.3 19.54 Q<:N 11.64 24.91 Q<N 
Snaril.1 8 8 Below 50 w/ml Medium 11.67 11.09 Q>N 23.53 17.7 Q>N 
Snario.19 9 High Below 50 wlml Medium 4.04 11.94 Q<:N 6.47 17.34 Q<N 
Snarh20 14 High Below 50 wlml Medium 5.53 18.57 Q<N 5.89 27.02 Q<N 
Snario.21 17 High Below 50 wlml Medium 14.68 22.84 Q<N 16.63 29.63 Q<N 

Snario.22 22 
Snaril.23 0 
Snario.24 1 Above 50 wlml Medium 
SnaOO.25 3 Low Above 50 wlrnZ Medium 
Snario.26 4 Low Above 50 wlml Medium 
Snaril.27 5 Low Above 50 wlml Medium 12.28 19.83 Q<N 19.08 25.57 Q<N 
Snario.28 6 Low Above 50 wlml Medium 
Snario.29 8 Low Above 50 wlml Medium 
SnaOO.30 9 Low Above 50 w/ml Medium 
SnaOO.31 14 Low Above 50 wlml Mediwn 
SnaOO.32 17 Low Above 50 wlml Medium 
Snario.33 Medium 
SnaOO.34 0 Medium 3.85 5.34 Q<N 5.52 7.71 Q<N 
Snario.35 I Low Below 50 w/ml Medium 
Snario.36 3 Low Below 50 w/ml Medium 
SnaOO.37 4 Low Below 50 w/ml Medium 
SooOO.38 5 Low Below 50 wlml Medium 7.72 13.26 Q<N 10.51 19.88 Q<N 
SooOO.39 6 Low Below 50 wlml Medium 
SnaOO.40 8 Low Below 50 wlml Medium 
SnaOO.41 9 Low Below 50 wlml Medium 
Snario.42 14 Low Below 50 wlml Medium 
SnaOO.43 17 Low Below 50 wlml Medium 

Snario.44 22 Low Below 50 wlml Medium 
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Table 3 
Comparison of the avetages of ' mean percentage of dissatisfaction from overheating' for 'Noisy.C1assrooms-Days' with 'Quiet.C1assrooms-Days' with the Paired Samples Test. 

Paired samples test 

Paired differences df Sig. (2-talled ) 

Mean Std. deviation Std. error mean 95% Confidence interval of the difference 

Pair 1 N.PHD.Mean- Q,PHD.Mean 3.59320 4.43422 .88684 

solar irradiance in June and July varied from 0.80 KWh/m2 to 
8.25 KWh/m2. The distribution of these data is tested and it is found 
out that they are normally distributed. The mean and median of 
these data are 4.96 KWh/m2. For this reason, days are divided into 
two groups of high and low according to their corresponding daily 
irradiance level on horizontal surfaces. 

2.1.5. Fifth step 
In this step: 
Firstly an average is taken of the mean and maximum 

percentage of dissatisfaction from overheating for the 'noisy c1ass
days' and for the 'quiet class-days' which have already been cat
egorised based on building factors (Le. thermal mass level, solar 
gain) and climate condition (i,e. outside temperature and solar 
irradiance). The results are summerised in Table 2. 

Secondly an average is taken of the percentage of occasion the 
indoor temperature exceed 25 O( and 28 O( for the for the 'noisy 
class-days' and for the 'quiet class-days' which have already been 
categorised based on building factors (Le. thermal mass level, solar 
gain) and climate condition (Le. outside temperature and solar 
irradiance). The results are summerised in Table 5. 

The impact of internal gain is considered constant as the 
number of students and their activities and also the number and 
types of equipment in use are almost the same. 

22. Results 

In Table 2, the percentage of dissatisfaction from overheating 
(mean and maximum) which are calculated for each 'class-days' 
with the same building factors and climate conditions of noisy 
class-days are compared with quiet class-days. This comparison is 
carried out using the T test. 

In Table 5, the percentage of occasion that indoor temperature 
exceed 25 . ( and 28 . ( which are calculated for each 'class-days' 
with the same building factors and climate conditions of noisy 
class-days are compared with quiet class-days. This comparison is 
carried out by T test. 

T test is carried out between the averages of mean and 
maximum 'percentages of dissatisfaction from overheating' for 
noisy classroom-days and quiet classroom-days. As can be seen 
from Tables 3 and 4, they are significantly different (p < 0.05) with 
a difference of 3.59% and 6.41 % for mean and maximum percentage 
of dissatisfaction from overheating respectively, It is suggested that 
aircraft noise is a predictor for the percentage of dissatisfaction 
from overheating and consequently indoor temperature, 

Table 4 

Lower Upper 

1.76284 5.42356 4.052 24 .000 

T test is carried out between the averages of 'percentages of 
occasions that indoor temperature exceeds 25 O( and 28 . C' for 
noisy classroom-days and quiet classroom-days. As can be seen 
from Tables 6 and 7, they are significantly different (p < 0.05) with 
a difference of 15.69% and 9.76% for the percentages of occasions 
that indoor temperature exceeds 25 . ( and 28 . ( respectively, It is 
suggested that aircraft noise is a predictor for percentage of occa
sions that indoor temperature exceeds 25 . ( and 28 . ( and 
consequently indoor temperature, 

The result of the above study are summarised in the following 
table. 

As can be seen from Table 8, in all of the techniques of assessing 
indoor temperature, aircraft noise is a predictor. As the result, it can 
suggested that high level of aircraft noise plays an important role in 
indoor temperature as it reduces the buildings' potential for having 
natural ventilation. 

A subjective survey is also carried out in order to test the result 
that is achieved from the objective survey. In this survey teachers 
were asked to rate different environmental noise sources (e.g. 
aircraft, lorries, cars etc,) and thermal comfort. 

Regression analysis is carried out between teachers' perception 
toward environmental noise and thermal comfort in low and 
medium thermal mass schools, The result of this regression shows 
that the aircraft noise is the only predictor for thermal comfort in 
both low thermal mass schools (p < 0.05, r = 0323) and medium 
thermal mass schools (p < 0,05, r = 0.343) based on self
assessment through questionnaires. In the questionnaires 
teachers were requested to rate thermal comfort and different 
noise sources level from 1 to 7 as follows : 

Noise from ca,. Too 1111. L j II rl TOO~ 
Noise from Aircraft Too 1111. ~ 1 1'11' f 
Noise from Lorrin Too 1111. Too~ 

HolM from BuIes Too IItIe Too~ 

Noi_from RJlllwey Toolitl. Too~ 

Noi_from OIlIer Toolitl. 

Tnem.1 oomfort Uncomfortable 1 Co~ 

Graphs 3 and 4 show this relationship separately as thermal 
mass level is one of the factors that has an impact on the indoor 
temperature. The teachers' perceptions were elicited through 
a questionnaire. 

Comparison of the averages of 'maximum percentage of dissatisfaction from overheating' for 'Noisy. Classrooms-Days' with 'Quiet.Classrooms-Days' with Paired Samples Test 

Paired samples test 

Paired differences df Sig. (2-tailed) 

Mean Std. deviation Std. error mean 95% Confidence interval of the difference 

Lower Upper 

Pair 1 N.PHD.MAX- Q,PHD.MAX 6.41462 7.36607 1.44460 3.43940 9.38983 4.440 25 .000 



A. Montazomi et of. / Building and Environment 52 (2012) 129-141 135 

Table 5 
Averages of'percentages of occasions that that indoor temperature exceeds 25 ' C and 28 ' C' for noisy and quiet classroom-days based on cooling degree hours. solar irradiance 
and risk of receiving solar gain and thermal mass. 

Scenarios Ri~k of 
Cooling degree holm Actual daily irradince 

receiving 

Snario.1 0 High Above ~wlrri' 

Snario.2 1 High Above ~wlrri' 

Snario.3 2 High Above ~wlrri' 

Snario.4 3 High Above~wlrri' 

Snario.S 6 High Above ~wlrri' 

Snario.6 7 High Above ~wlrri' 

Snario.7 8 High Above ~w/ny. 

Snario.8 15 High Above~wlrri' 

Snario.9 21 High Above~wlrri' 

S08rio. 1O 24 Above ~ w/ni' 

Soorio. 11 0 High Below ~wlrri' 

Soorio. 12 High Below ~wlrri' 

Snario. 13 2 High Below ~wlrri' 

Snario. 14 3 High Below ~wlrri' 

Soorio.IS 6 High Below ~wlrri' 

Snario.16 7 High Below ~wlrri' 

Snario. 17 8 High Below ~wlrri' 

Snario. 18 15 High Below ~wlrri' 

Snario.19 21 High Below 50 wlrri' 

Below ~wlrri' 

Low Above~wlrri' 

I Low Above ~wlrri' 

S08OO.23 2 Low Above 50 wlrri' 
Snario.24 3 Low Above ~wlrri' 

Snario.25 6 Low Above ~wlrri' 

Soorio.26 7 Low Above 5Owlrri' 
Snaoo.27 8 Low Above ~wlrri' 

Soooo.28 15 Low Above 5Owlrri' 
Snario.29 21 Low Above 5Owlrri' 
Snario.30 24 Low 

Soorio.31 0 Low 
Snario.32 Low Below 50 wlrri' 
Snaoo.33 2 Low Below ~wlrri' 

Snario.34 3 Low Below 50 wlrri' 
Soorio.35 6 Low Below ~w/rri' 

Snario.36 7 Low Below 50 w/rri' 
Soorio.37 8 Low Below ~wlrri' 

Snaoo.38 15 Low Below ~wlrri' 

Snario.39 21 Low Below ~wlrri' 

Snaoo.4O 24 Low Below ~ w/ni' 

As can be seen from Graphs 3 and 4, the teachers who reported 
higher levels of aircraft noise, also reported lower levels of thermal 
comfort and vice versa. This subjective study confirms the objective 
survey that claims aircraft noise is a predictor for thermal comfort. 

It should be noted that the schools in this study were chosen in 
such a way as to be a considerable distance from main roads and 
construction sites. For this reason, the ones located within a close 
distance to Heathrow Airport only suffer from aircraft noise and 
those located at a fa r distance to Heathrow Airport do not suffer 
from any kinds of environmental noises. This means that other 

Ave (PGR.25°C) Ave (pGR.28"C) 

Medium 

Medium 48.43 33.67 Q>N 2.26 0 Q>N 
Mediwn 11.975 32.143 Q<N 0.21 0 Q>N 
Medium 27.31 I 60.714 Q<N 0.42 3.57 
Medium 53.061 40 Q>N 0 0 
Medium 67.857 98.214 Q<N 1.05 5.35 Q<N 
Medium 85.7 14 89.286 Q<N 5.88 3.57 Q>N 
Medium 80.67 100 Q<N 2.52 21.42 Q<J>; 
Medium 97.89 100 Q<N 41.17 42.85 Q<N 
Medium 

Medium 

Medium 58.25 Q>N 0 
Medium 0 25 Q<N 0 
Mecfum 0 38.095 Q<N 0 0 
Medium 51.78 47.95 Q>N 1.78 
Medium 50 85.71 Q<N 0 0 
Medium 96.42 100 Q<N 0 
Medium 0 100 Q<N 0 
Medium 100 100 Q=N 0 
Mecfum 89.28 100 0 
Mecfum 1.44 3.41 Q<N 0 0 
Medium 8.82 3.57 Q>N 0 0 
Medilm 

Med&nn 

Med&nn 88.65 100 Q<N 3.78 25 Q<J>; 
Medium 

Mecfum 

Med&nn 

Med&nn 

3.01 8.98 Q<N 0 0 

Mecfum 0 88.09 Q<N 0 0 
Mecfum 

Medium 

Medilm 78.57 95 .23 Q<N 0 0 
Med&nn 

Medium 

Medium 

Medium 

Medium 

environmental noise sources do not act as a predictor of thermal 
comfort. To determine that whether there is any relationship 
between other environmental noises with thermal comfort, further 
research will be needed. 

In order to have a better understanding of how the level of 
aircraft noise has an impact on thermal comfort, the teachers' 
perceptions towards thermal comfort and aircraft noise are 
compared with the schools location on the noise contour map of 
above 57 dBA. Regression analysis is carried out between 'thermal 
comfort perception' with 'aircraft perception and school's location 
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Table 6 
Comparison of the average of 'percentages of occasions that indoor temperature exceeds 25 . C' in noisy and quiet Oassroom-Days with Paired Sample Test. 

Paired samples test 

Paired differences df Sig. (2-tailed ) 

Mean Std. deviation Std. error mean 95% Confidence interval of the difference 

Lower Upper 

Pair I N.PGR.25- Q,PGR.25 15.69669 2735299 5.36436 4.64858 26.74481 2.926 25 .007 

Table 7 
Comparison of the average of 'percentages of occasions that indoor temperature exceeds 28 . C' in noisy and quiet Classroom-Days with Paired Sample Test. 

Paired samples test 

Paired differences 

Mean Std. deviation Std. error mean 

Pair I N.PGR.28-Q,PGR.28 9.76084 18.10293 3.62059 

on the noise contour'. According to this regression, there is 
a significant relation between 'aircraft noise perception' with the 
schools' location on the noise counter map (p < 0.05 and r = 0.316) 
and also there is a significant relation between 'thermal comfort 
perception' with the schools' location on the noise counter map 
(p < 0.05 and r = 0.337). 

Graph 5 shows the relation between the schools' location on the 
aircraft noise contour map with the teachers' perception toward 
aircraft noise and thermal comfort. As can be seen from this graph, 
the schools located on the higher aircraft noise contour experience 
lower thermal comfort and vice versa. 

This suggests that not only do the schools located in noisy 
regions have a higher risk of experiencing overheating in compar
ison to those located in the quiet regions due to the aircraft noise 
but also the schools located in the noisy region suffer from different 
levels of overheating according to their location on the noise 
contour map. In other words, distance of the schools' building from 
Heathrow airport and the impact of aircraft noise on classrooms' 
background noise level have an impact on the level of thermal 
comfort. The high level of aircraft noise plays an important role in 
dissatisfaction from overheating as it reduces the buildings' 
potential for having natural ventilation. 

3, Impact of high aircraft noise on speech intelligibility 

3.1. Methodology 

Building Bulletin 93 (12) is a UK guideline written by the 
Department for Education and Skills for acoustic design of schools, 
In this guideline, the proposed standards for background noise is 
difficult to achieve in naturally ventilated schools as the indoor 
background noise levels are added to significant levels of external 

Table 8 
Summary of different ways of looking at indoor temperature. 

Different techniques of looking at indoor temperature 

Explanation 

Average mean percentage of 
dissatisfaction from overheating 

Average maximum percentage of 
dissatisfaction from overheating 

Average percentage of occasion that 
indoor temperature exceeds 25 · C 

Average percentage of occasion that 
indoor temperature exceeds 28 · C 

Code 

(Mean.PDH ) 

(Max.PDH) 

(GR.25 · C) 

(GR.28 ' C) 

Impact of aircraft on 
indoor temperature 

.J 

.J 

.J 

.J 

df Sig. (2-tailed) 

95% Confidence interval of the difference 

Lower upper 

2.28832 17.23336 2.696 24 .013 

noise (13). Thus, additional guidance is provided to facilitate the use 
of natural ventilation by Building Bulletin 101 (9), The BB10l is a UK 
guideline which is written by the Department for Education and 
Skills for the ventilation design of school buildings, According to 
this guideline, the indoor ambient noise level should not exceed 
35 dB in classrooms if there is a minimum supply of fresh air that is 
equal to or greater than 3l/s per person provided. The indoor 
ambient noise level can be increased by 5 dB (reaching to 40 dB) if 
a ventilation rate of higher than 81/s per person is required, for 
example during overheating on hot summer days when it may be 
necessary to open all the windows. 

Generally aircraft noise has a negative impact on an occupant's 
speech intelligibility and it impairs communication and also annoys 
them causes them to lose their ability to concentrate. 

The nature of aircraft noise is intermittent rather than steady. 
Various guidelines are proposed regarding the impact of aircraft 
noise on speech intelligibility which is summarised in Table 9. In 
these guidelines different benchmarks are set for the SIL, Lmax, SEL, 
Leq and LAl of the aircraft noise. Furthermore Shield (14) also took 
Lmax as the main factor to estimate the annoyance level. 

To study that how the aircraft noise has an impact on speech 
intelligibility, 30 min noise measurements were carried out when 
the schools were unoccupied, both when the windows are open 
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Graph 3. Relationship bOS, between aircraft noise level and indoor temperature and 
thermal comfort on low thermal mass school (p < 0.05, r - 0323). 
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Grapb 4. Relationship between aircraft noise level and indoor temperature and 
thermal comfort on medium thermal mass school (p < 0.05. r = 0.343). 

and closed. These measurements were carried out with Symphonie 
acquisition system. These measurements were carried out in 1 m 
height toward the back of classrooms. A windshield was used on 
the microphone which was calibrated before and after the 
measurement period. 

3.2. Results 

In Table 10. the classrooms' aircraft noises against the criteria set 
for speech intelligibility in two situations (window closed and 
opened) are shown in order to show that how the acoustic diffi
culties arise in the schools located under the Heathrow flight path. 

Based on Tables 10, it can be suggested that leaving the windows 
open almost always causes problems according to all criteria. 
According to these guidelines. the speech intelligibility is improved 
if windows are closed. The extent of the improvement varies 
depending on what guideline is referred to. 

As can be seen, the level of speech intelligibility improvement. 
on days 4 and 5 are better than days 1. 2 and 3 as the result of the 
windows being closed. This is due to the fact that the data for days 

7 o • 

Table 9 
Indoor Noise level criteria in order to have good speech intelligibility. 

Criteria Benchmark Proposed by 

SIL maximum sound SIL < 45 dBA 90% of Sharp et al.. 1984 1151 
level in the frequency sentences intelligibility 
range of 500-20000 HZ 

Lm .. L",;vc < 50 dBA 90% of the Und et aI., 1998 [t61 
words would 
be understood 

SEL Sound exposure level SEt <; 60 dBA 95% Bradley (n.d.) 1171 
of intelligibility cited in interference 

with speech 
communication 

Leq Leq <; 40 dBA ANSl123 [181 
LAI.30 min LAI <; 55 dBA UKDFES [171 

1-3 are related to the Grove Road primary schools which are 
located directly under the flight path and an airplane passes 
directly over the building. This school is located on the 63 dB(A) 
noise contour. The data for days 4-5 are related to the Andrew 
Ewing primary school which is located parallel to the flight path 
and is located on the 60 dB(A) noise contour. In this study the 
impact of aircraft noise was assessed using the existing criteria 
(Tables 9 and 10). 

In order to have a better understanding about how the window 
closure has an impact on aircraft noise level inside classroom. the 
maximum level of aircraft noise while the classroom was unoccu
pied and windows were open and closed are compared with rec
ommended Lmax as an example (Graph 6). As it can be seen by 
closing the window the Lmax is decreased to 55 dB (on average) but 
it still does not meet the recommended criteria which is 50 dB. 

It should be noted that both the level of disturbing noise (e.g. 
aircraft noise) and the distance between speaker and listener have 
a significant impact on speech intelligibility. BS 8233 recommends 
a suitable maximum distance between speaker and listener in 
order to have good speech intelligibility. This distance is set based 
on the Lmax for a noise which is of a steady nature. As the nature of 
aircraft noise is intermittent, the duration of indoor aircraft noise 
exceeds a certain level (e.g. background noise level) are important 
as well as Lmax. For this reason, it is suggested the LlD and L5 of 
indoor aircraft noise are calculated instead of Lmax in order to show 
how the acoustic difficulties arise in the schools located under the 
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Table 10 
A study of aircraft noise based on different criteria when windows are opened and closed in Grove Road and Andrew Ewing Primary School. 

Schools Days Windows' status 

Grove Road Primary School Day 1: 2nd july Open 
Meet the criterion 
Closed 
Meet the criterion 

Day 2: 3rd july Open 
Meet the criterion 
Close 
Meet the criterion 

Day 3 : 4th july Open 
Meet the criterion 
Close 
Meet the criterion 

Andrew Ewing Primary School Day 4:8th july Open 
Meet the criterion 
Close 
Meet the criterion 

Day 5: 14th july Open 
Meet the criterion 
Close 
Meet the criterion 

Meet the criterion 
Do not meet the criterion 

Heathrow flight path. Based on this calculation. the 10% and 5% of 
high level of aircraft noise are calculated in order to estimate the 
percentage of occasions that communication would fail due to the 
aircraft noise. 

Aircrafts pass over the schools which have close distances to 
Heathrow airport every 90 s. The Table 11 shows the maximum 
suitable distances between speaker (with the normal voice) and 
listener based on BS 8233 [19] (which is adapted for L5 and LlO) and 
the percentage of occasions that communications would be failed. 
For example. if the distance between the speal<er and listener 
(in the situation that the window is open) becomes higher than 
0.7 m, out of 90 s when an aircraft passes over a school building 
4.5 s of communication is missed out. In other words. if 
pronouncing each word lasts for 1 s, it can be concluded that nearly 
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Criteria and recommended benchmark 

SIL Lmax SEL Leq LA1 

45 dB 50 dB 60 dB 40 dB 55 dB 

Lmax for 500 HZ Lmax for 2000 HZ Lmax 
62 
x 
60 
x 
64 
x 
57 
x 
70 
x 
61 
x 
66 
x 
43 
,J 
56 
x 
47 
x 
,J 
x 

i i 
~ " ~ ~ 

60 69 84 53 64 
x x x x x 
54 65 74 44 55 
x x x x ,J 
76 79 89 56 69 
x x x x x 
59 68 73 41 53 
x x x x ,J 
62 75 88 55 68 
x x x x x 
63 70 76 44 53 
x x x x ,J 
51 70 81 49 61 
x x x x x 
37 56 68 36 47 
,J x x ,J ,J 
50 63 76 46 54 
x x x x ,J 
41 53 70 41 48 
,J x x x ,J 

five words will be missed out of 90 words which causes a negative 
impact on speech intelligibility. 

Furthermore. if the distance between speaker (with the 
normal voice) and listener becomes higher than 1.32 m, then 9 s 
out of 90 s is missed out; this creates a more critical situation as 
nine out of 90 words will be missed out. In the situation that the 
window is closed, this amount is increased to 2.7 and 4.7 
respectively. 

In the condition that the speaker raises his/her voice by up to 
5 dBA the recommended distance can be increased as per 
Table 12. 

As can be seen, the suitable distance between speaker (with the 
normal voice) and listener varies between 0.7 m and 1.3 m when 
windows are open. This amount can be increased to from 1.6 to 2.3 

i i 0 i i i i i i i i i i i i i i i i ~ 
~ ~ .. ~ ~ " '- 1\ ! ~ ~ l!I I ~ , ~ ~ !! ~ 
\'! \'! ~ ::l ~ ~ ~ ~ El III ;,; 

~ I!l I!i I;j " ~ " ~ ~ 

....... Alrcr.ft no Is. l.v.l (Loq) with window Opon 
-- Alrcr.ft no Iso l.vol (Loq) with window Clo .. 

Recommended M •• level·50 dIS ILeal 

Graph 6. Comparison between the level of ai rcraft noise inside the classroom when window is open and closed with the recommended maximum level. 
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!::~7~~m distance between speaker and listener when windows are opened and closed and the durations of failed communication (speaker uses normal voice). 

Maximum distance between speaker and listener 
when windows are 'opened' 

Maximum distance between speaker and 
listener when windows are 'cIosed' 

Duration that communication Is failed 

0.7 
13 

2.7 
4.7 

if the speaker raises his or her voice by up to 5 dBA. As it can be seen 
from the Figs. 2-4 the best condition in which the speech intelli
gibility is provided (while the windows are opened and aircrafts fly 
over the school) is when the teacher sits on a chair at the centre, 
students sit around him/her and the teacher raises hislher voice. In 
this condition, teacher speech intelligibility is provided even for the 
students, who sit in the second and third rows. 

As it was observed several times in the classrooms of Grove Road 
and Andrew Ewing primary schools, teachers invited students to sit 
on the floor during lecturing activities and they themselves sat on 
the chair during most of the lecturing activities in order to improve 
speech intelligibility. 

It should be noted that if the teacher wants to stand or students 
want to sit at their desks, the speech intelligibility will be impaired 
even further and students will start to miss at least 4.5 s (or more) 
out of 90 s depending on their distance from the teacher as their 
distance exceeds the maximum distance between speaker and 
listener [Table 11 (teachers with normal voice) and Table 12 
(teachers with raised voice)). In this situation, in order to improve 
speech intelligibility, classroom windows should be kept closed. 
This accords with the occupants of the school located under the 
flight paths tending to close the windows most of the time. 
Although closing windows tends to improve the speech intelligi
bility, it reduces the buildings' potential for having natural venti
lation as the only means of ventilation in these schools are through 
windows. 

In addition, in the situation that it is crucial to leave the windows 
open, the distance between speaker and listener should be at 
a minimum otherwise the listener starts to miss out some parts of 
the communication which has an impact on speech intelligibility. 

The results of the subjective study tended to confirm this 
analysis. The regression analysis of perceived ventilation control 
level with aircraft noise confirmed that there is a small but signif
icant negative relationship between ventilation control level and 
aircraft noise level (p < 0.05, r = 0.275) based on self-assessment 
through questionnaires. In the questionnaires teachers were 
requested to rate ventilation control level and aircraft noise level 
from 1 to 7 as follows: 

Ventilation No Comot 2 Full Control 

Aircraft Too ittIo 4 5 6 Too much 

The only available ventilation system in the classrooms that 
were studied is the natural ventilation (Le. window) as they were 
all naturally ventilated. Although occupants of the buildings 
located under the flight path physically had the ability to open and 
close windows, access to natural ventilation was limited by aircraft 

4.5 out of 90 s 
9.0 out of 90 s 

noise suggesting there would be a lack of sufficient ventilation and 
overheating and poor indoor air quality will occur. 

4. Impact of not opening windows due to noise on Indoor air 
quality 

4.1. Methodology 

C02 is produced by occupants' breathing and the amount of C02 
produced depends on the number of occupants, their weight and 
activity level (weight and activity have an impacts on the number of 
inhalations and exhalations by occupants). Also each exhalation has 
a certain amount of C02. The volume of the room also has an impact 
on C02 concentration. Ventilation helps to remove the C02 by 
providing fresh air. In general, the higher the C02 level, the lower 
the air quality. 

In BBI01, C02 concentration has been chosen as the key 
performance indicator for assessment of indoor air quality. BBIol 
proposed two sets of criteria to assess air quality inside a classroom. 
One of these sets is according to classrooms' C02 level and the other 
is according to the classrooms' ventilation rate. 

a) The BBI01 criteria according to classrooms' C02 level : 

1. The average concentration of C02 should not exceed 1500 ppm 
during occupied hours. 

2. The maximum concentration of C02 should not exceed 
5000 ppm during a teaching day. 

3. At any occupied time the occupants should be able to reduce 
the concentration of C02 to 1000 ppm. 

b) The BBlDl criteria according to classrooms' ventilation rate: 

1. A minimum of 3 lis per person 
2. A minimum daily average of 5 lis per person 
3. A capability of achieving a minimum of 8 lis per person 

In order to study the air quality of the classrooms which are 
located under flight paths, the C02 level of various classrooms of 
two primary schools were measured, with a device called Telair, for 
11 days when they were occupied and for 13 days when they were 
unoccupied in order to have an idea that what the background C02 
levels are. The measurements were done in 1- 2 m intervals for 7 
classrooms. In some classrooms more than one measurement was 
done. 

4.2. Results 

The air quality study was carried out as follows: The average C02 
level in all classrooms on different days was less than the 1500 ppm 

T.1ble 12 . . d .. ( k 'th . d oice) Maximum distance between speaker and listener when windows are opened and closed and the durations of falle commumcatlon spea er WI a raIse v . 

Maximum distance between speaker and 
listener when windows are 'opened' 

1.6 
2.4 

Maximum distance between speaker and 
listener when windows are 'closed' 

5.99 
B.OO 

Duration that communication is failed 

4.5 out of 90 s 
9.0 out or 90 s 
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Table 13 
Summary of classrooms indoor air quality against BB10l air quality guideline based 
on CO2. 

Classroom School Date First Second Third Result 
criterion criterion criterion 

Y2 Grove Road 24. June ..- ..- ..- Pass 
Y4 Grove Road 25. june ..- ..- x Fail 
Y3 Grove Road 26. june ..- ..- x Fail 
Y6 Grove Road 27. june ..- ..- x Fail 
Y6 Grove Road 30. june ..- ..- x Fail 
Y4 Grove Road I. july ..- ..- x Fail 
Y4 Grove Road 2. July ..- ..- ..- Pass 
Y4 Andrew Ewing 7. July ..- ..- x f ail 
Y2 Grove Road 10. july ..- ..- x Fail 
Y2 Grove Road 11 . july ..- ..- x Fail 
Y6 Andrew Ewing 14. July ..- ..- ..- Pass 
Y3 Andrew Ewing 15. july ..- ..- ..- Pass 

which means that classrooms meet the first criterion for having 
good air quality. The maximum C02 level in all classrooms on 
different days was less than the 5000 ppm which means that 
classrooms meet the second criterion for having good air quality. 
However the ability to reduce the level to 1000 ppm was not 
possible because of aircraft noise. 

As the result of assessing the indoor (02 in different classroom 
against the third BB10l criterion. it can be concluded that in some 
situations windows are closed and occupants are not able to open 
the classrooms' windows because of aircraft noise. Therefore, al\ 
the classrooms in all session do not meet the 3rd BB10l criterion. 

Table 13 shows the summary of the assessment as per BB101 air 
quality guideline. As can be seen from Graph 7 for nearly 70% of the 
days in this study, classrooms did not have good air quality 
according to criterion 3. And this is due to the fact that although 
occupants of the schools which are located under the Heathrow 
airport flight path physically have the ability to open and close the 
windows and nominally have a fully control of the windows. 
However because of the aircraft noise, there are some limitations to 
maintaining access to natural ventilation which caused poor air 
quality and stuffy situations during the summer. 

Analysis of measured (02 data indicate that the ventilation level 
for classrooms located under the flight path is 1.5 I/s per person 
when window are fully closed and 181/s per person when windows 
are fully open. It can be concluded that on the occasion when 

C Pass = Good air quality • Fail = Poor air quality 

Graph 7. Share of the days according to classrooms' air quality.1141 

classrooms' windows are fully closed, the classrooms' ventilation 
rate fails to meet the BB101 air quality guidelines based on venti
lation rate criteria and consequently classrooms suffer from poor 
air quality. The subjective results confirm this. The regression 
analysis of air quality with aircraft noise confirmed that there is 
a significant relationship between air quality and aircraft noise 
(p < 0.05, r = 0.255) based on self-assessment through 
questionnaires. 

In the questionnaires teachers were requested to rate air quality 
and aircraft noise level from 1 to 7 as follows : 

Aircraft Too IJtIIe 2 3 4 ' 5 '6 7 Too much 

Air quality F ... h 
2 3 4 5 6 7 

The result confirms that the higher the level of aircraft noise, the 
lower will be the air quality level. On the other word, teachers who 
scored a higher level of aircraft noise, also scored a stuffier situation 
and vice versa. 

5. Conclusions 

The overriding conclusion of this study is that natural ventila
tion through windows is not sufficient for keeping indoor 
temperatures at a comfortable level and for providing fresh air for 
schools which are located under flight paths. Due to global 
warming, according to the current set of UK climate scenarios, it is 
predicted that average temperature during summers will increase 
by 7 . ( by the end of this century. This will have a significant impact 
on overheating in free-running schools. In addition, the lack of 
ventilation will add to this problem. 

It can be concluded that the free-running primary schools which 
are located under the flight paths with only windows as a means of 
natural ventilation have a higher likelihood of experiencing poor air 
quality and overheating during summer terms. This is what archi
tects should consider in order to provide better environmental 
conditions for primary school children. 

As control of ventilation is one of the method of controlling 
overheating, it is possible to reduce the overheating risk by 
controlling solar gain, internal gain, design layout and by the use of 
heavy thermal mass material instead of low and medium ones. 
Night time ventilation could be a solution for thermal comfort 
purposes. Ventilation shafts may be adapted as a suitable means of 
ventilation for both purposes of thermal comfort and fresh air. 

Acknowledgment 

We would like to extend our thanks to all the teachers of the 
primary schools in which the research was carried out and also Dr 
Bob Peters for his valuable comments. 

References 

[I] LImb MJ. Ventilation in Schools. AIVC Annotated Bibhographies. Coventry; 
1997. 

[2] Shield BM. Dockrell JE. The effects on noise on children at school : a review. 
Journal of Building Acoustics 2003;10(2): 97- 116. 

[31 Coley DA. Greeves R. Saxby BK. The effect of low ventilation rates on the 
cognitive function of a primary school class. The International Journal of 
Ventilation 2007;6(2): 107-12. 

[4[ DIES, Building Bulletin 90. A design gUide: lighting design for schools. London: 
Department for Education and Skills (OrES); 1999. 

[51 Allard F. Natural ventilation in buildings: a design handbook ; 1998. London. 
[6[ Chartered Institution of Building Services Engineers (CIBSE). Design for 

improved solar shading control ; 2006. London. 



A Montazami et al / Building and Environment 52 (2012) 129-141 141 

[71 Peters RJ. Smith Hollins Margaret BJ. Acoustic and noise control. 3rd ed. 
Prentice Hall: Pearson Education Umited; 2011. 

[81 Nicol F, Hacker J, Spires B, Davies H. Suggestion for new approach to over
heating diagnostics. Building Research and Information 2009;37(4):348-57. 

[91 8uilding Bulletin 101. A design guide: ventilation of school buildings. London: 
Department for Education and Skills (OreS); 2006. 

[101 Building Bulletin 87. Guidelines for environmental design In schools. London: 
Department for Education and Skills (OrES); 2003. 

[111 (EN Standard EN15251. Indoor environmental Input parameters for design 
and assessment of energy performance of buildings addressing indoor air 
quality. thermal environment, lighting and acoustics. Bruxelles: European 
committee for Standardisation; 2007. 

[121 Building Bulletin 93. A design guide: acoustic design for schools. London: 
Department for Education and Skills (OreS); 2003. 

[13 I Parkin A Sound insulation and ventilation in Schools: a coordinated approach. 
Acoustics Bulleting; 2005. July/August 2005. Institute of Acoustics. 

[141 Shield, B.M., External and Internal noise surveys of London primary schools. 
Journal of Acoustic Sodety of America 115(2~ 730-738. 

[151 Sharp BS, Plotkin KJ. 'Selection of Noise Criteria for School Classrooms', Wyle 
Research Technical Note TN84-2 for the Port Authority of New York and New 
Jersey; 1984. October 1986. 

[161 Und SJ. Pearsons K. Fidell S. Sound insulation requirements for mitigation of 
aircraft noise Impact on highline school dIstrict fadlities. In: BBN systems and 
technologies. vol. I: 1998. BBN Report No. 8240. 

[171 Interference with speech communication, available at: http://www. 
noisequeslpsu.edufupllMds/NoiseAtfect/interference-with-s~h
communlcation.pdf (accessed 10.04.11(. 

[181 American National Standard (ANSI) SI2.60. Acoustical performance criteria. 
design requirements. and guidelines for schools; 2002. 

[191 British Standard (BS) 4142. Method for rating industrial noise affecting 
mixed residential and industrial areas. British Standards Institution; 
1997. 



Proceedings of 7th Windsor Conference: The changing context of comfort in an 
unpredictable world Cumberland Lodge, Windsor, UK, 12-15 April 2012. London: 
Network for Comfort and Energy Use in Buildings, http://nceub.org.uk 

Using an inappropriate thermal benchmark leads to overheating in UK 
primary schools 

Azadeh Montazami1), Fergus Nicol2) 

1) Coventry University, United Kingdom 
2) London metropolitan University, UK 

Abstract: 

Schools' buildings can have a significant impact on students and teachers' health and 
performance through their internal environment such as noise level, indoor temperature, 
air quality and light. Providing good environmental conditions for schools has always 
been critical. The two main reasons are: firstly of the conflict between comfort factors 
(thermal, lighting, acoustic comfort and air quality) as they are interrelated and secondly 
the use of relaxed thermal, air quality, acoustic and lighting benchmarks. In this study, the 
current thermal benchmark, which is used to design and refurbish the UK school 
classrooms, is assessed in order to evaluate the extent to which it is lenient and whether it 
represents the occupants' feelings. 

Keywords: Overheating, School classrooms, Fixed thermal benchmark, Adaptive thermal 
benchmark 

1. Introduction: 

School buildings can have a significant impact on students and teachers' health and 
performance through their internal environment such as noise level, indoor temperature, 
air quality and light. According to Heath et al. (2000), there has always been concern 
regarding the indoor environment of schools due to shortage of funding for school 
buildings, because poor environments have a greater impact on children than on adults, 
and because the length of time that children spend at school is higher than the time they 
spend at home. For this reason, considerations of environmental and comfort factors have 
always had a specific position in any building design guidelines. Despite this, schools 
have failed to provide optimum environmental conditions from the Victorian era up until 
now. 

The summary of conflict between comfort factors in each era is reviewed in the 
Background section. The conflict between comfort factors can be one of the main reasons 
for poor environmental conditions in school classrooms as a result of the lack of designer 
concentration in the first stages of design. The other reason for poor environmental 
conditions may be due to use of the lenient benchmarks which is the topic of this study. 

In this study, the current thermal benchmark, which is used to design and refurbish the 
UK school classrooms, is assessed in order to evaluate the extent to which it is too lenient 
and whether it adequately represents the occupants' feelings. It should be noted that the 



schools which were built during different periods are still being utilised in London. For 
this reason, a range of schools from Victorian to modem have been examined. 

2. Background: 

The background study is carried out in two parts. The first part concentrates on the 
conflicts which are observed in schools built in different priods in the UK, and the second 
part concentres on different overheating benchmarks. 

2.1. Conflict between comfort factors 

As far as the comfort factors requirements are concerned, the history of the UK school 
construction is divided into five time periods the Victorian, Open air, Post World War II, 
Post-oil crisis and PCP (Primary Capital Programme) I BSF (Building School for Future) 
schemes. It should be noted that the schools which were built during the different periods 
mentioned above are still being utilised in London. In each era of school construction, 
there are various kinds of conflict between comfort factors. In the following list different 
types of conflict between comforts factors in each period are summarised: 

a. Victorian schools mainly refer to the schools that were built before 1920 with heavy 
thermal mass material (Cbatelet, n.d). On the one hand, Victorian schools have the 
privilege of having stack ventilation due to sash windows and high ceilings and 
consequently the ability to maintain indoor air quality and thermal comfort during 
summer. On the other hand, the occupants of these schools suffer from high 
reverberation times and consequently a higher level of noise due to their high ceilings. 
As a result, the type of conflict that is observed in Victorian schools is the conflict 
between acoustic comfort and 'air qualityl thermal comfort' in summer. 

b. Open air schools mainly refer to the schools built in the early part of the 20th century, 
when there was concern over the spread of tuberculosis. These schools at the time of 
their construction were thermally comfortable during summer but not winter. These 
schools had the benefit of cross ventilation, as large windows and doors could be fully 
opened to maintain indoor temperature and to remove excessive heat during cooling 
seasons (summer). Although these schools had the benefit of a high level luminance, 
good level of natural light and thermal comfort during summer, a large amount of heat 
was lost during winter due to their large openings. As a result, the type of conflict 
observed in open air schools is, the conflict between 'thermal comfort' and 'lighting 
comfort' in winter and also, the conflict between thermal comfort in winter and 
summer. These schools were modified by covering up one side of the classrooms using 
glass enclosure in order to improve environmental conditions. With this modification, 
classrooms have had a lower risk of heat loss during winter; however, they have had a 
higher risk of experiencing overheating during summer as the benefit of cross 
ventilation was reduced to a single sided ventilation (conflict between thermal comfort 
in winter and summer). 

c. Post-war schools mainly refer to the schools built as a result of the baby boom after 
the destruction caused by World War II and the growing need for the schools at the 
beginning of fifties (1945 -1970) [Woolner, 2010]. On the one hand, the post-war 
classroom had a high level of natural light due to the large windows but, on the other 
hand, these classrooms produce excessive glare and receive a high amount of solar 
gain that causes overheating during summer and cold due to heat loss during winter. 



This is the conflict between lighting level and thermal comfort in post war primary 
school classrooms. It should be noted that the poor thermal comfort is not only related 
to the large windows but also to the lightweight construction materials used in these 
buildings. 

d. Post- oil crisis schools refer to the schools that are constructed due to two phenomena 
i.e. the energy crisis in the 1970s and the sick building syndrome. As a result, the open
plan space school concept was introduced in the United State, in 1970 and the idea 
spread to Europe and especially to the UK (Bennet et aI, 1980). Open-plan schools had 
the privilege of having cross ventilation to maintain classrooms' indoor temperature 
and air quality during summer but they were highly noisy and were not acoustically 
comfortable. As a result, there was a conflict between acoustic comfort and 'thermal 
comfort I air quality' in these kinds of schools. Therefore, the open plan classrooms 
were converted to cellular classrooms to overcome the acoustic problem. As a result of 
this conversion, classrooms lost their opportunity for having cross ventilation in 
summer (Conflict between acoustic comfort and 'thermal comfort and air quality'). 

e. BSF & pcp schools mainly refer to the schools built under the Primary Capital 
Programme (PCP) and Building Schools for the Future (BSF) schemes which were 
announced for primary and secondary schools in 2003 & 2006 respectively. The PCP 
and BSF programmes were the first wave of school construction I refurbishment since 
the huge Victorian and post-war building programmes. Although the main principle of 
constructing these schools is to provide comfortable environments, these schools still 
fail to provide comfortable environment in some cases due to the conflict between 
comfort factors. Mumvic et al. (2009) study the winter indoor air quality, thermal 
comfort and acoustic performance of a newly built secondary school in England 
following BSF investment. Based on this research, complex interactions between 
thermal comfort, ventilation and acoustic comfort are studied. Two types of conflict 
are shown in the research. Firstly, conflict between acoustic comfort and air quality: 
Schools in this research are equipped with mechanical ventilation to maintain indoor 
air quality. The noise level measured inside the classrooms when occupants were 
engaged with a quiet test exceeded 50dB (A), which is far above the requirement 
proposed by BB93. This is a result of the noise produced by the mechanical 
ventilation. This shows one kind of conflict between air quality and acoustic comfort. 
Secondly, conflict between air quality and thermal comfort: the mechanical ventilation 
installed to provide good air quality, in this situation should provide 8 lis per person 
fresh air but produces cold droughts that have a negative impact on thermal comfort. 
Hence it can be seen that although the school has recently been built based on the BSF 
programme, it does not provide a comfortable environment as the comfort factors 
conflict and interact with each other. 

As explained above, each type of school has its own type of conflict between comfort 
factors that lead classrooms to experience poor environmental condition, Another type 
of conflict that is investigated by Montazami et al. (2011) is the conflict between 
acoustic comfort and 'thermal comfort I air quality' in the schools located around 
Heathrow Airport. This conflict is not limited to a particular era and occurs in any 
naturally ventilated school which is located under the Heathrow Airport flight path. 
Based on this research, it is observed that the occupants of schools which are located 
under Heathrow Airport Flight path keep the windows shut in order to provide acoustic 
comfort while they lose their chance to have natural ventilation. This leads the 
classroom to suffer from overheating and poor air quality. 



As is observed, one of the main reasons of poor environmental conditions is due to the 
conflict between comfort factors. The other reason may be due to the use of relaxed 
comfort benchmarks which is the topic of this study. For this reason, in the next part, a 
complete literature review is carried out regarding the overheating guidelines which 
have been in place for a number of years. 

2.2. Overheating guidelines for UK classroom 

Generally, the overheating guidelines follow one of the two adopted approaches: Adaptive 
and Fixed. 

2.2.1. Fixed approach: The fixed approach is the most popular approach. This approach 
considers a fixed temperature as a benchmark (comfort temperature) for evaluating 
overheating in a classroom. The three guidelines that are designed based on the fixed 
approach are BB87, BBlOl and CmSE that help a designer to assess the overheating 
occurrence in the UK classroom. Each of these guidelines is explained in detail further 
below. 

2.2.2. Adaptive approach: The adaptive approach is the most recent approach. This 
approach considers an adaptive temperature as a benchmark (the comfort temperature 
which can be calculated) for evaluating overheating in a classroom. Based on this 
approach, temperatures at which the majority of people are comfortable vary with the 
running-mean of the external temperature which can be calculated. The two guidelines 
which are designed based on the adaptive approach are the BS guideline which helps a 
designer to assess the maximum allowable difference from the adaptive comfort 
temperature and the Nicol guideline that helps to identify the percentage of occupants 
who suffer from overheating. 

In the followings, the guidelines which are designed based fixed and adaptive models are 
explained in detail: 

Fixed model guidelines: 

a. BB87: According to Building Bulletin 87 (BB87) which was published in 2003 for 
UK school building, a classroom is defined as overheated when the internal air 
temperature exceeds 28°C. The guideline allows flexibility of up to 80 occupied 
hours in a year above this temperature, nonnally in the non-heating periods of 
May to September excluding August. 

b. BBI0l: These overheating criteria will ensure that the design of future schools is 
not dictated by a single factor, unlike BB87, but by a combination of factors that 
will allow a degree of flexibility in the design of the school. These criteria are only 
applicable for the cooling season for the occupied period (Le. 9:00-15:30, Monday 
to Friday from 1 st May to 30th September excluding August which is school 
summer holiday). These criteria are in compliance with Approved Document L2 
for summertime overheating for teaching and learning areas and are as follows: 

• There should be no more than 120 hours when the air temperature in the 
classroom rises above 28°C. 



• The average internal to external temperature difference should not exceed 
SoC (Le. the internal air temperature should be no more than SoC above the 
external air temperature on an average). 

• The internal air temperature when the space is occupied should not exceed 
32°C. In order to show that the proposed school will not suffer overheating 
two of these three criteria must be met. 

c. CIBSE: Two temperature thresholds have been defined by CIBSE for schools: a 
lower temperature threshold, which is taken to indicate when occupants will start 
to feel 'warm' (above 25°C) and higher threshold temperature, which is taken to 
indicate when occupants will start to feel 'hot' (above 28°C). However, to define a 
fixed measure of 'overheating' an excess of more than 1 % of occupied hours in a 
year over the higher temperature benchmark is adapted to indicate a failure of the 
building to control overheating risk (CIBSE Guide A, 2006). 

The formation of an overheating taskforce by CIBSE is in part a recognition that 
there are problems with the use of a fixed, nationwide threshold temperature and 
'hours over' criterion, which are as follows: 

• According to Humphreys and Nicol (Nicol et aI, 2(09), comfort temperature 
varies in accordance to outdoor running mean temperature and therefore is not 
fixed. 

• The CIBSE criteria fail to recognise the severity of overheating which is as 
important as its occurrence (Nicol et aI, 2009). 

• Two criteria were developed by CEN Technical committees in BS EN15251 
which considers both discomfort occurrence and severity: cooling degree-hours 
measure and a weighted measure based on Predicted Percentage Dissatisfaction 
(PPD). However, the PPD has been argued to be an unreliable indicator in 
naturally ventilated buildings according to Humphrey and Nichol (Nicol et aI, 
2009). 

• As overheating evaluation for buildings is based on a fixed threshold depending 
on the number of occupied hours above threshold, therefore by changing the 
number of occupied hours, the result can be altered to solve the overheating 
problem, which is totally unrealistic (Nicol et aI, 2009) and deceptive. 

• Based on the fixed temperature threshold, it is debateable whether overheating 
should be measured over a whole year or a shorter period during a year (Nicol 
et aI, 2(09). For example, based on the CIBSE overheating is measured over a 
whole year and based on BBlOI and BB87, it is measured on the duration of 
cooling seasons (May to September excluding August). 

For all above reasons, some other criteria based on adaptive model are presented. 

Adaptive model guidelines: 

B. British Standard: Alternative criteria are presented by British Standard (based on 
survey of thermal comfort in European buildings and first proposed in CmSE Guide 
A (Nicol et aI, 2009) for thermal comfort in naturally ventilated building using an 
adapti ve thermal comfort model. 



According to these criteria, thermal comfort is not a fixed temperature and varies 
according to recent climate conilitions (e.g. over selected previous days). The criteria 
link comfort temperature to 'running mean temperature' (Trm). The running mean is 
calculated from the external temperature over the preceding days, with a weighting 
taking into account the greater influence of the most recent day, using the formula 
below where the mean outdoor temperature exceeds 10°C. 

Tc=0.33Trm + 18.8 (1) 

The following graph (Graph 3-1.3) shows the comfort temperatures as a function of 
outdoor temperature (from CmSE 2006 cited in Nicol et al, 2009): 
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Figure I: Comfort temperature as a function of outdoor running means temperature 
(CmSE, 2(06) 

British Standard proposes that there is a maximum allowable difference from comfort 
temperature a it is shown in the following table (Table 1). 

Category Expla nation SUllIlcstcd aeeaptable range 

I High level of expectation only used for spaces occupied by very sens~ive and fragile pe"ons ±2K 

n Namal expectation (fer new buildings and renovations) ±3K 

m Moderate expectation (used fa- extiting buiklings) :l:4K 

TV Values outside the criteria fer the above categaies (cnIy acceptable for a limited periods) 

Source: Brn.h Standards (BSI) (2007e). 

Table 1: Sugge ted applicability of the categories and their as ociated acceptable temperature range. 
(British Standard 2007) 

b. Percentage of discomfort by occupants: Nicol and Humphreys (cited in Nicol et 
al, 2009) suggest that occupants' discomfort is related to ilT by applying a weighting 
factor which reflects the non-linear relation hip between heat discomfort (percentage 
of overheating by occupant) and departure from the comfort temperature which is 
observable in the following graph (Figure 2). The percentage of discomfort i be 
calculated from the following formula (equation 2): 

e«(l47H IT 2 W7. 
P - --,.."....,,::-;-,--:-:-...,...,.,~ - ( I + eI0.4~.I4 l/-!.no7») 

In the above formula, il T refers to the ilifference between actual temperature and 
'Tc=adaptive thermal comfort'. Tc is related to 'the outdoor running mean 
temperature' and calculated from the equation Tc=O.33Trm+18.8. 'Trm' refers to the 



thennal running mean temperature and CEN Standard EN15251 (2009) gives an 
approximate calculation method (for Trm) using the mean temperature for the last 7 
days (a = 0.8). 

Trm - <Tod -I + 0.8 Tod -2 + 0.6 Tod -3 + 0.5 Tod -4 + 0.4 Tod -5 + 0.3 Tod -6 + 0.2 Tod -7)/3.8 (3) 
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Figure 2: The proportion of subjects voting warm or hot on the ASHRAE scale as a function of the 
difference between the indoor operative temperature and CEN comfort temperature, (Nicol et al) 

This alternative criterion proposed by British Standard and developed by Nicol regarding 
the percentage of overheating by occupants is only valid for spaces engaged in mainly 
sedentary activities such as offices, classroom etc (Nicol et al, 2009). 

3. Methodology: 

This research is carried out objectively and subjectively. All the objective and subjective 
data are recorded by the author. In the objective survey, indoor temperatures of 139 
classrooms from 18 naturally ventilated primary chools in London were recorded every 
half hour by placing two miniature temperature data loggers called 'J Buttons' in each 
classroom in June and July of the years 2005, 2007 and 2008 with the accuracy of 0.5 0 C 
in each classroom. The indoor temperatures were recorded for both occupied and 
unoccupied durations. In the UK Primary Schools, children attend school from Monday to 
Friday between 0900 to 1530 hours. The occupied indoor temperature mentioned in this 
text refers to the recorded temperatures of these classrooms over these durations. Graph 3 
shows the average percentage distribution of indoor temperature in all schools in 2005, 
2007 and 2008. 
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Figure 3: Average percentage distribution of indoor temperature in all schools in 2005, 2007 and 2008. 



One of the climate factors that have an impact on indoor temperature is outside 
temperature. For this reason, the outdoor temperatures were collected from the Weather 
Underground Website (2008) which shows the outdoor temperatures in half hourly 
intervals. The Heathrow Station was chosen for outdoor temperature. The outdoor 
temperatures were collected from this website for June and July of 2005, 2007 and 2008. 
Daily outdoor temperatures for the duration of study are summarised in figures 4 and 5. 
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Figure 4: Daily Outdoor temperature in June and July 2005 
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Figure 5: Daily Outdoor temperature in June and July 2007 

In the subjective survey, teachers were asked to rate the level of thermal comfort inside 
classrooms. It was not possible to carry out the survey on large number of students and 
also the primary school students did not have sufficient knowledge to fill out 
questionnaires. Therefore, teachers were briefed so that they ensured the questionnaires 
reflected students' perception of thermal comfort as opposed to own their opinion. Ninety 
two questionnaires were filled out by the teachers of 15 naturally ventilated chools in 
June and July of 2007 and 2008. 

Thermal comfort '1 '2 13 i· 15 16 ~ Uncomfortable 1 Comfortable 

This part of the study is carried out in three stages in order to identify the most reliable 
overheating models. For this reason, fIrstly the current UK design guidelines for thermal 



comfort are compared with each other using real data (indoor temperature data) that have 
been collected from schools. Secondly, the relation between occupants' perception 
regarding thermal comfort are compared with the adaptive and fixed thermal comfort. 
Finally, the percentage of dissatisfaction from overheating is calculated for each school as 
one of the most reliable tools to assess overheating. 

4. Analysis and discussion of results: 

4.1. Stage one: Comparing the current UK design guidelines for thermal comfort with 
each other. 

In this part, a comparison is carried out between the fixed overheating models which are 
proposed by Building Bulletin (i.e. BB I 0] & BB87) and Charted Institution of Building 
Services Engineers (CIBSE). 

In order to compare different overheating models with each other, the risk of classrooms 
from various schools being overheated according to fixed models (i.e.BB87, BB101 and 
CIBSE) are calculated for the duration of the study (Table 3). The following tables (Table 
2) show the duration of studies in 2005, 2007 & 2008. The number of occupied hours 
within these durations are 202 hours for each year. 

2008 2007 2005 

Mon Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri Sat Sun 

Jun 9 10 11 12 13 14 15 Jun 11 12 13 14 15 16 17 Jun 15 16 17 18 19 20 21 

Jun 16 17 18 19 20 21 22 Jun 18 19 20 21 22 23 24 Jun 22 23 24 25 26 27 28 

Jun 23 24 25 26 27 28 29 Jun 25 26 27 28 29 30 1 Jun 29 30 1 2 3 4 5 

Jul 30 1 2 3 4 5 6 Jul 2 3 4 5 6 7 8 July 6 7 8 9 10 11 12 

July 7 8 9 10 11 12 13 July 9 10 11 12 13 14 15 July 13 14 15 16 17 18 19 

July 14 15 16 17 18 19 20 July 16 17 18 19 20 21 22 July 20 21 22 23 24 25 26 

July 21 July 23 July 27 

Table 2: Duration of study in year 2005, 2007 & 2008 

Table 3 shows the risk of classrooms from various schools being overheated according to 
different fixed models. As can be seen from this table, none of the classrooms are 
overheated based on BBlOl. Overheating experiences vary according to BB87 and 
CIBSE. As can be seen from Table 3, in the years of 2007 and 2008, only 'one out of 
seventeen' school is overheated when evaluated on CIBSE and none, when evaluated on 
BB87 and BB 101; In 2005, 'six out of eight' schools were overheated when evaluated 
based on CIBSE and 'one out of eight' when evaluated based on BB87 and none based on 
BBlOl. 
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The cold summer of 2007and 2008 (when compared with 2005) was the reason for a big gap 
between occurrence of overheating in 2005 and 200712008. Figure 6 shows the average of 
mean and maximum outside temperature during the months of June and July for the last ten 
years. As can be seen, 2008 and 2007 were the coldest summers. 
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Figure 6: June and July London temperatures during last 10 years 

In the following pie-charts (Figure 7), the shares of occurrence of overheating in different 
schools based on fixed models (derived from Table 3) are summarised. 

Year ~------------~------------~------------~ cmSE BB87 BBI0l 

2008 

2007 

2005 

Figure 7: Percentages of overheated and non-overheated classrooms 



As a result, the indoor temperature of 139 classrooms were compared with different 
overheating criterion (based on the fixed model) and concluded that the Building Bulletin 
criteria (BBlDl) which is currently used as the design benchmark for schools is the most 
relaxed criterion. CIBSE is the most stringent one among the fixed models. In fact, BBlD! 
is more insensitive than BB87 and BB87 more than CIBSE. 

This could be one of the reasons that the classrooms which are designed/ refurbished based 
on tbis criterion could experience overheating. Based on this part of the study, it can be 
suggested that the BBlDl benchmark should be revised. As there are two models for 
assessing thermal comfort (i.e. fixed and adaptive), the next stage focuses on the 
assessment the models to identify those which are closer to occupants' feeling. 

4.2. Stage two: Study the relation between adaptive and fixed thermal comfort models 
with schools occupants' perceptions regarding thermal comfort. 

In this part, a comparison is carried out between the teachers' perceptions of classroom 
overheating against the evaluation of overheating based on fixed and adaptive models, in 
order to establish the accuracy level of the models. In this part, two methods are applied to 
determine which of the overheating models is closer to the teachers' votes (perception) 
regarding thermal comfort and consequently more reliable. 

4.2.1. First Method: Compare the teachers' votes with overheating dissatisfaction 

This section of the research was carried out in the following 3 sections: 

a. Section One: Subjective surveys were carried out in 2007 and 2008. In these 
surveys, the teachers were requested to score their comfort level during summer 
terms (June & July) on a 7 scale Likert scale for their classroom. One representing 
comfortable and seven representing uncomfortable. 

Thermal comfort Uncomfortable r t r 1 r t J ] Comfortable 

b. Section Two: The occupied indoor temperature for each classroom is compared 
with the fixed and adaptive thermal comfort for the duration of the study in 2007 
and 2008. The fixed thermal comfort is considered as 25°C. This is a temperature at 
which occupants start to fee l warm according to CIBSE criteria. The occasions that 
indoor temperatures for each day in each classroom exceed 25°C are calculated and 
the results are added together for each classrooms and then for each school. 

Furthermore, in this study, the adaptive thermal comfort varies for each day. The adaptive 
thermal comforts for each day in 2007 and 2008 which is calculated from the following 
formula are shown in table 4. 

Tc= 0.33 Trm + 18.8 

The occasions that an indoor temperature for each day in each classroom exceeds adaptive 
thermal comfort are calculated and the result are added for each classroom and then for 
each school. 
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Table 4: Mean outside temperature, Mean running temperature and thermal comfort for the duration for duration of the 2007 and 2008 studies 



C. Section Three: Two regression analyses were carried out between the results of the 
above: 

Between the teachers' votes and the percentage of occasions that indoor temperatures 
exceed fixed thermal comfort (i.e. greater than 25°C) for 2007 & 2008. 

• Between the teachers' votes and the percentage of occasion that indoor temperatures 
exceed adaptive thermal comfort (Tc = 0.33 Trm + 18.8) for 2007 & 2008. 

The results show that the teachers' votes on their satisfaction from indoor temperature 
(comfortable and uncomfortable) have a correlation (R) of 0.64 where the indoor 
temperatures exceed adaptive thermal comfort while this correlation is reduced to 0.46 
when the indoor temperature exceed fixed thermal comfort in the years of 2007 & 2008. 

In other words, a regression analysis between the teachers ' votes on the indoor temperature 
with the occurrence of overheating based on different overheating criteria shows that there 
is a higher relation between teachers' votes with the adaptive thermal comfort than the 
fixed thermal comfort. 

The following graph (Graph 8) shows the correlation between teachers vote and the 
percentage of occasions that indoor temperatures exceed adaptive and fixed thermal 
comfort. 
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Figure 8: Relation between teachers actual feeling with the occasion that indoor temperature exceeds 
adaptive and fixed thermal comfort 

As it can be seen from Figure 8, there is a higher correlation between the percentage of 
occasions that exceed adaptive thermal comfort (R=0.64, P<0.05) than fixed thermal 
comfort (R=0.46, P<0.5). 

4.2.2. Second Method: Second method: Distribution of indoor temperature 

The first method has proven that the adaptive model is a better criterion than the fixed 
model for assessing overheating in classrooms. 



The distribution of indoor temperature is an alternative way to compare the teachers" 
votes on overheating with the fixed and adaptive model. 

The average distributions of 15 schools' indoor temperatures are shown in the Graph 9 and 
Graph 10 for the years of 2007 & 2008. As can be seen, only a small portion of the indoor 
temperatures exceeded 25°C & 28°C. 
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Figure 9: Classrooms' indoor temperature distribution in 2007 

Figure 10: Classrooms' indoor temperature distribution in 2008 

As can be seen from Figures 9 and 10, the schools' indoor temperatures rarely exceeded 
25°C and hardly exceeded 28°C for the duration of the study. Consequently, the occupants 
of these schools should not significantly have felt thermally uncomfortable if evaluated on 
the basis of the fixed model. But the results of the questionnaires on thermal comfort show 
that the teachers were significantly thermally uncomfortable in June and July of the years 
2007 & 2008 (Graph 11 and 12). The teachers' responses which had a tendency towards 
uncomfortable in 8 out of 9 primary schools is proof of this claim (above scale of 4). This 
can be seen in the Graph 11 and Graph 12. 
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Figure II: Teachers' comfort level toward thermal comfort in each school in 2007 
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Figure 12: Teachers' comfort level toward thermal comfort in each school in 2008 

From the first and second method, it can be concluded that the fixed model does not 
significantly represent the teachers ' voices. 

As a re ult of tills part it can be suggested that occupants ' feelings about thermal comfort is 
more related to the adaptive thermaJ comfort rather than fixed thermal comfort. For this 
rea on it is recommended that thermaJ comfort benchmarks to be revised based on adaptive 
model rather than fixed model. 

4.3. Stage three: Compare indoor temperature with adaptive model 

A it is shown in the fir t part of the study, the current UK thermal comfort benchmark 
(BBIOl) for schools, is the most insensitive one among fixed thermal comfort benchmarks 
(BB87 and CmSE). In the econd part of this study, it is shown that there is a higher 
relation between teachers' votes regarding thermal comfort with adaptive thermal comfort 
rather than fixed thermal comfort. In thjs part, indoor temperatures are compared with the 
Nicol criterion which is based on the adaptive model. In ills theory, it is possible to 
calculate the percentage of people who may overheat and the re ult can be used to 
categorise classrooms to highly overheated, moderate overheated and low overheated. 
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As can be seen from Table 5, classrooms are categorised into the following groups, 
based on the percentage of occupants' dissatisfaction from overheating. 

- Highly overheated classrooms refer to the classrooms in which more than 10% of 
occupants feel overheated. 

- Moderate overheated classrooms refer to the classrooms in which 6% to 10% of 
occupants feel overheated. 

- Low overheated classrooms refer to the situation in which less than 6% of 
occupants feel overheated. 

The above is based on normal level of expectation in new or renovated buildings with 
occupants who are not sensitive and fragile (i .e. disabled, sick, very young children 
and elderly persons). 

In a condition that a classroom is occupied by very sensitive and fragile persons with 
special requirement like disabled, sick children, high level of expectation is required. 
In this condition, a classroom is highly overheated if only 6% of occupants feel 
overheated. 

In the pie-charts in Figure 13 the percentage of classrooms that were overheated (in 
different level of highly, moderate and low) in 2005, 2007 and 2008 is summarised. 
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Figure J 3: The summary of evaluating elas rooms' indoor temperatures based 
on Adaptive model 



As it can be seen in Figure 13 the number of schools (and consequently, their 
classrooms) which are highly overheated in 2005 is greater than that of 2007 and 2008 
(Mean column). In all schools, there is always an occasion when classrooms are 
highly overheated. These data are based on normal expectations with normal 
occupant. 

5. Conclusion: 

As a result of this study, it can be suggested that the two main reasons for poor 
environmental conditions in UK schools are: frrstly the conflict between comfort 
factors (thermal, lighting, acoustic comfort and air quality) as they are interrelated and 
secondly, the use of the insensitive thermal, air quality, acoustic and lighting 
benchmarks for their design. 

The Nicol thermal criterion is not only designed based on the adaptive model which 
has a better relation with occupants' feeling, but also provides detailed information 
regarding overheating by predicting the percentage of people that may feel overheated 
and considering the type of occupants inside classroom, while overheating criteria 
based on fixed model only determine whether the classrooms are overheated or not. 
As a result, there is a gap between predicting thermal comfort (based on the fixed 
model) and actual occupants feeling inside a classroom. 

Based on this study, it can be suggested that one of the reasons for overheating in UK 
school buildings is that they are designed based on the least sensitive thermal design 
criteria (Building Bulletin 101). As a result, it is suggested that the current building 
design thermal benchmark (i.e.BBIO!) for the UK primary schools be revised 
considering the Nicol formula. 
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