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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment
of the requirements for the degree of Doctor of Philosophy

INDOOR ENVIRONMENTAL QUALITY AND ENERGY COST SAVING
PREDICTION MODEL FOR RADIANTLY COOLED SLAB TROPICAL
BUILDINGS

By

KWONG QI JIE

June 2014

Chairman : Nor Mariah Adam, PhD
Faculty : Engineering

The building sector is one of the major energy users. This has made efficient energy
utilisation in buildings a necessity in conserving the fast-depleting resources and to
achieve reduction in energy cost. Efficient use of energy consuming devices such as
air-conditioning and artificial lighting systems in buildings is therefore essential for
energy efficiency improvement.

This research aims to evaluate the indoor environmental quality (IEQ) of a
Malaysian building that was cooled via a combination of radiant and convective
systems and to compare the energy performance of this apparatus to a
conventionally designed all-air system. Field assessments which consisted of
physical and subjective (questionnaire) assessments were conducted to measure the
current 1IEQ levels as well as to identify the occupants’ perception on their
immediate surroundings. The energy management system was used to gather energy
consumption data of the building under study.

The outcomes demonstrated that the measured IEQ parameters were within
acceptable ranges except for the air wvelocity profile. From the subjective
measurement, 83.3% of the occupants were satisfied with their thermal environment
and 59.5% of the votes were placed within the three central categories of the thermal
sensation scale. Besides, each environmental comfort factor exerted different level
of impact towards the occupants’ work productivity. Natural daylight was found to
be sufficient in providing a visually comfortable environment to occupants during
peak working hours, while occupants were generally more tolerant towards the
acoustical condition. The air quality was perceived as acceptable for 92% of the
occupants, which was consistent with the measured air contaminants’ levels. The
operative temperature was calculated by using the measured air temperature and
mean radiant temperature and a neutral operative temperature of 25.4 °C was



obtained. An adaptive coefficient of -1.1262 was subsequently calculated which
showed the level of thermal adaptation among the occupants. Besides, it was found
that the combined radiant-convective system was able to reduce the energy cost for
air-conditioning of interior spaces by 42.5%. A simple payback period of 5.3 years
was calculated by considering all the associated costs. The outcomes of this study
also suggested that more energy savings without compromising human comfort can
be obtained by raising the thermostat setting to 2 °C higher than the conventional
setting and the use of natural daylight during working hours. Further studies on
evaluating the IEQ conditions of other tropical buildings that are using radiant
cooling systems and application of automatic window shades for daylight control
were suggested.
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KUALITI PERSEKITARAN DALAMAN DAN MODEL PENYANGKAAN
PENJIMATAN KOS TENAGA UNTUK BANGUNAN TROPIKAL
DILENGKAPI DENGAN SISTEM PENYEJUKAN RADIANT
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Sektor bangunan merupakan salah satu pengguna tenaga terbesar, maka kecekapan
penggunaan tenaga ialah amalan yang amat penting dalam sektor tersebut. Sistem
penyaman udara dan lampu elektrik merupakan pengguna tenaga utama dalam
bangunan komersial. Jadi, sistem-sistem sebegini mesti digunakan secara efisyen
demi mengelakkan pembaziran tenaga.

Kajian ini bertujuan untuk mengkaji kualiti persekitaran dalaman (KPD) dalam
sebuah bangunan Malaysia yang dilengkapi dengan kombinasi sistem penyejukan
secara radiant dan konvektif dan membandingkan prestasi penggunaan tenaga sistem
ini dengan sistem penyaman udara konvensional. Kajian lapangan yang meliputi
pengukuran objektif dan penilaian subjektif telah dijalankan untuk mengkaji tahap
KPD dalam bangunan tersebut serta mengenalpasti persepsi pengguna mengenai
keadaan persekitaran. Selain itu, sistem pengurusan tenaga telah digunakan untuk
mengumpul data-data penggunaan tenaga dalam bangunan itu.

Keputusan yang diperolehi menunjukkan bahawa tahap-tahap parameter KPD
adalah dalam julat yang boleh diterima kecuali profil halaju udara. 83.3% daripada
jumlah pengguna amat berpuas hati dengan keadaan termal di tempat kerja mereka
dan 59.5% daripada undian telah diletakkan dalam tiga kategori pusat untuk skala
sensasi termal. Selain itu, setiap faktor keselesaan persekitaran mempengaruhi
pretasi kerja pengguna bangunan dalam tahap yang berlainan. Pancaran cahaya
semulajadi adalah mencukupi untuk mewujudkan suasana yang selesa untuk
pengguna pada waktu bekerja manakala tahap kuasa bunyi pula kurang memberikan
kesan atas prestasi kerja. 92% daripada jumlah pengguna berpendapat bahawa kualti
udara dalam bangunan tersebut adalah memuaskan kerana tahap pencemaran udara
yang disukat adalah amat rendah. Suhu operatif telah dikira dengan menggunakan
suhu udara dan purata suhu radiant dan suhu keneutralan dalam bangunan tersebut



ialah 25.4 °C. Dengan menggunakan hasil kajian yang diperolehi, satu adaptif pekali
suaian sebanyak -1.1262 telah diperolehi dan ini menunjukkan tahap adaptif termal
bagi pengguna bangunan tesebut. Di samping itu, sistem penyejukan secara radiant
dapat mengurangkan penggunaan tenaga sebanyak 42.5%. Tempoh bayaran balik
untuk pemasangan sistem radiant tersebut adalah 5.3 tahun dengan mengambil kira
kesemua kos yang terbabit. Hasil kajian ini telah membuktikan bahawa suhu udara
dalam bangunan yang dikaji boleh ditingkatkan sebanyak 2 °C lagi dan pancaran
cahaya semula jadi dapat digunakan pada waktu bekerja untuk menjimatkan kos
penggunaan elektrik. Untuk kajian selanjutnya, keadaan KPD dalam bangunan
tropika yang lain yang turut menggunakan sistem penyejukan secara radiant dan
kesesuaian menggunakan bidai automatik untuk mengawal tahap pancaran cahaya
adalah dicadangkan.



ACKNOWLEDGEMENTS

| would like express my appreciation to those individuals, who took time, interest
and effort in guiding, helping and supporting me throughout the implementation of
this work.

Firstly 1 must thank Assoc. Prof. Ir. Dr. Nor Mariah Bt. Adam for her support,
advice as well as access to her wisdom. Also, it is with immense gratitude that |
acknowledge to the senior professionals and academicians who had contributed
ideas throughout the stages of the project especially Prof. Dr. Vijay R. Raghavan, Ir.
Wong Kon Bee and Mr. Lim Sheau Chau for their advices, invaluable suggestions
and large database of amusing anecdotes.

Special thanks to my former colleagues in the Energy Commission for their
camaraderie, especially during the time when the field assessments were conducted.
Of particular note are Mr. Mohd Khairuddin Ahmad, Ms. Nor Adilah Zulkefle and
Mr. Shahril Salleh for their helping hands and encouragements. As well, the
assistances offered by the office staff of the Faculty of Engineering are truly
cherished. Appreciation is also extended to my family and friends who have offered
advice, willing ears and information. | am glad to have them with me throughout the
duration of this research, which was tedious and often at a feverish pace. Thank you
and may the blessings of the Lord be upon you.

Kwong Qi Jie
June 2014



| certify that an Examination Committee has met on 17 June 2014 to conduct the
final examination of Kwong Qi Jie on his Doctor of Philosophy thesis entitled
"Indoor environmental quality and energy cost saving prediction model for radiantly
cooled slab tropical buildings™ in accordance with the Universities and University
Colleges Act 1971 and the Constitution of the Universiti Putra Malaysia [P.U.(A)
106] 15 March 1998. The Committee recommends that the candidate be awarded the
degree of Doctor of Philosophy.

Members of the Thesis Examination Committee are as follows:

Mohd Khairol Anuar bin Mohd Ariffin, PhD, PEng
Associate Professor

Faculty of Engineering

Universiti Putra Malaysia

(Chairman)

Mohd Zainal Abidin bin Ab. Kadir, PhD, PEng
Professor

Faculty of Engineering

Uniersiti Putra Malaysia

(Internal Examiner)

Lugman Chuah Abdullah, PhD
Professor

Faculty of Engineering

Universiti Putra Malaysia
(Internal Examiner)

Jan L M Hensen, PhD

Professor

Department of Built Environment
Eindhoven University of Technology
Netherlands

(External Examiner)

NORITAH OMAR, PhD
Professor/ Deputy Dean
School of Graduate Studies
Universiti Putra Malaysia

Date:

Vi



This thesis was submitted to the Senate of Universiti Putra Malaysia and has been
accepted as fulfilment of the requirements for the degree of Doctor of Philosophy.
The members of the Supervisory Committee were as follows:

Nor Mariah Adam, PhD
Associate Professor

Institute of Advanced Technology
Universiti Putra Malaysia
(Chairman)

Barkawi Sahari, PhD
Professor

Faculty of Engineering
Universiti Putra Malaysia
(Member)

Nuraini Abdul Aziz, PhD
Senior Lecturer,

Faculty of Engineering
Universiti Putra Malaysia
(Member)

BUJANG BIN KIM HUAT, PhD
Professor and Dean

School of Graduate Studies
Universiti Putra Malaysia

Date:

Vil



DECLARATION

Declaration by Graduate Student

| hereby confirm that:

Signature: Date:

this thesis is my original work;

quotations, illustrations and citations have been duly referenced;

this thesis has not been submitted previously or concurrently for any other
degree at any other institutions;

intellectual property from the thesis and copyright of thesis are fully-owned by
Universiti Putra Malaysia, as according to the Universiti Putra Malaysia
(Research) Rules 2012;

written permission must be obtained from supervisor and the office of Deputy
Vice-Chancellor (Research and Innovation) before thesis is published (in the
form of written, printed or in electronic form) including books, journals,
modules, proceedings, popular writings, seminar papers, manuscripts, posters,
reports, lecture notes, learning modules or any other materials as stated in the
Universiti Putra Malaysia (Research) Rules 2012;

there is no plagiarism or data falsification/ fabrication in the thesis, and
scholarly integrity is upheld as according to the Universiti Putra Malaysia
(Graduate Studies) Rules 2003 (Revision 2012 — 2013) and the Universiti Putra
Malaysia (Research) Rules 2012. The thesis has undergone plagiarism detection
software.

Name and Matric No.:

viii



Declaration by Members of Supervisory Committee

This is to confirm that:

e the research conducted and the writing of this thesis was under our supervision;
e supervision responsibilities as stated in the Universiti Putra Malaysia (Graduate
Studies) Rules 2003 (Revision 2012-2013) are adhered to.

Signature:
Name of
Chairman of
Supervisory
Committee:

Signature:
Name of
Member of
Supervisory
Committee:

Signature:
Name of
Member of
Supervisory
Committee:

Assoc. Prof. Ir. Dr. Nor Mariah Adam

Prof. Ir. Dr. Barkawi Sahari

Dr. Nuraini Abdul Aziz




TABLE OF CONTENTS

Page
ABSTRACT i
ABSTRAK iii
ACKNOWLEDGEMENTS %
APPROVAL vii
DECLARATION viii
LIST OF TABLES Xiii
LIST OF FIGURES XV
LIST OF ABBREVIATIONS Xvii
CHAPTER
1 INTRODUCTION
1.1  Background 1
1.2 Problem Statement 2
1.3  Objectives 3
1.4 Approach 3
1.5  Scope and Limitation of the Research 4
1.6 Organization of the Thesis 4
2 LITERATURE REVIEW
2.1  Standards, Guidelines and Codes for Indoor Environment 6
2.2 Energy and Climatic Condition of Malaysia 9
2.3 Green Building Index 12
2.4  Radiant Cooling Technology 13
2.4.1 Radiant Ceiling Panels 14
2.4.2 Radiant Slab Cooling 16
2.5 Building Energy Management System (BEMS) 21
2.6 Indoor Environmental Quality (IEQ) 22
2.7 Indoor Air Quality Assessment in Tropical Buildings 26
2.8 Description of Thermal Comfort 29
2.8.1 Acclimatization and Adaptation in Thermal Comfort 30
2.8.2 Thermal Comfort Studies in Office and Residential Towers 35
2.8.3 Thermal Comfort Studies in Institutions of Learning 41
2.9 Energy Efficiency Improvement Potentials in Tropical Buildings 44
2.10 Summary of Literature Review 47
3 METHODOLOGY
3.1 Introduction 49
3.2 The Building under Study 53
3.3 Test Subject 55
3.4  Objective Measurements 55
3.4.1 Indoor Climate Measurements and Equipment 56



3.4.2 Outdoor Climatic Data 60

3.5  Subjective Assessment 61
3.6  Environmental Scales and Indices 63
3.7 Procedures of Thermal Comfort Analysia 64
3.8 Procedures of Field Assessment 65
3.9 Building Energy Management System 66
3.10 Cooling Load Estimation for the Air-Conditioning System 67
3.11 Energy Consumption Analysis and Simple Payback Calculation 69
3.12 Summary of Methodology 69

RESULTS AND DISCUSSION

4.1 Introduction 71
4.2 Results from Pilot Studies 72
4.3  Thermal Comfort Evaluation 74
4.3.1 Objective Measurement and Calculation 74
4.3.2 Subjective Assessment 82
4.4  Comparison to the Comfort Zone 86
45  Perceptions of Humidity Level 88
4.6  Perceptions of Air Movement 89
4.7  Visual Comfort Evaluation 92
4.7.1 Objective Measurement and Calculation 93
4.7.2 Subjective Assessment 9
4.8  Acoustical Comfort Evaluation 96
4.8.1 Objective Measurement and Calculation 97
4.8.2 Subjective Assessment 98
4.9 Environmental Comfort Parameters and Work Productivity 99
4.10 General Comfort Perceptions 101
4.11 Indoor Air Quality Assessment 102
4.11.1 Objective Measurement and Calculation 103
4.11.2 Subjective Assessment 107
4.11.3 Physiological Parameters 109
4.12 Thermal Comfort Aspects 110
4.12.1 Percentage of Thermal Sensation vs Acceptability 110
4.12.2 Percentage of Thermal Preference vs Acceptability 111
4.12.3 Percentage of Thermal Sensation vs Preference 112
4.13 Prediction of Thermal Environment by using PMV and PPD 114
4.14  Calculation of Thermal Neutrality 118
4.15 Development of an Adaptive Thermal Comfort Model 120
4.16 Energy Consumption of the Radiant Cooling System 123
4.17 Energy Consumption of the Conventional All-air VAV System 126
4.18 Comparison of Energy Use for Both Systems 128
4.19 Potential Energy Cost Savings 129
4.20 Design of the Slab-Integrated Radiant Cooling System 130
4.21 Complete Cost-Benefit Evaluation 133
4.22  Further Energy Conservation Potentials 135
4.22.1 Air Conditioning System 136
4.22.2 Lighting System 137
4.23  Summary of Results and Discussion 138

Xi



5 SUMMARY, CONCLUSION AND RECOMMENDATIONS FOR
FUTURE RESEARCH

5.1
5.2

Summary of Work
Recommendations for Future Work

REFERENCES
APPENDICES

AC—IOTMMOUOW>»

Actual Indoor Environment of the Building under Study
Locations Selected for Measurement Work

IEQ Evaluation Form

Thermal Images

IAQ ANOVA Test

Coding for PMV & PPD Calculation Software

Records of Meteorological Data

Cooling Load Estimation

Complete Costing Sheet and Quotations

Schedule of Approved Equipment and Product Information
Standard Scope of Work (Comprehensive Contract)

BIODATA OF STUDENT
LIST OF PUBLICATIONS

xii

141
144

145

161
165
170
174
204
213
215
219
228
233
243
245
246



	ALL CHAPTERS - NEW FORMAT.pdf
	CHAPTER 1
	INTRODUCTION
	CHAPTER 2
	LITERATURE REVIEW
	2.6 Indoor Environmental Quality
	Figure 2.7: IEQ factors and human productivity (Hedge, 2004)
	2.8.1 Adaptation and Acclimatisation in Thermal Comfort
	Figure 2.8: Adaptive behaviour and thermal comfort perception (Feriady and Wong, 2004)
	Based on the findings presented in thermal comfort field studies conducted in the commercial and residential tropical buildings, it was found that the range for neutral and comfortable temperatures were normally out of the acceptable thermal comfort z...
	Table 2.8: Results of thermal comfort studies conducted in tropical office and residential buildings
	* Top – Operative Temperature, Tef – Effective Temperature, NV – Naturally Ventilated, AC – Air-Conditioned
	2.8.3 Thermal Comfort Studies in Institutions of Learning
	CHAPTER 3
	METHODOLOGY
	3.1 Introduction
	Figure 3.2: Methodology flow chart – comprehensive energy consumption analysis
	3.4 Objective Measurements
	Figure 3.5: Placement of the data logger and sensors
	3.5 Subjective Assessment
	3.6 Environmental Scales and Indices
	3.8 Procedures of Field Assessment
	CHAPTER 4
	RESULTS AND DISCUSSIONS
	/
	Figure 4.1: The main objectives for evaluation of each IEQ factors
	*  - Mean air temperature, RH – Mean relative humidity, v – Mean indoor air velocity,  - Ceiling temperature,  - Floor temperature,  - Supply air temperature
	Table 4.3: Surface temperature
	Table 4.4: Mean values of thermal comfort parameters
	*  - Mean air temperature,  - Mean radiant temperature,  - Operative temperature, MRH – Mean relative humidity, v – Mean indoor air velocity
	Figure 4.10: Distribution of subjective thermal perception vote
	Table 4.6: Thermal comfort parameters and votes by location
	Table 4.8: RH perception and acceptability
	/Figure 4.12: Percentage of acceptability for humidity scale
	Table 4.9: Air movement perception and acceptability
	Figure 4.13: Percentage of acceptability of air movement scale
	4.7.1 Objective Measurement and Calculation
	4.7.2 Subjective Assessment
	Figure 4.16: Distribution of subjective luminous perception vote
	4.8.1 Objective Measurement and Calculation
	4.8.2 Subjective Assessment
	Figure 4.19: Distribution of subjective aural perception vote
	4.12.1 Percentage of Thermal Acceptability vs. Sensation
	Figure 4.26: Thermal acceptability vs. sensation
	4.12.2 Percentage of Thermal Preference vs. Acceptability
	Figure 4.27: Thermal preference vs. acceptability
	4.12.3 Percentage of Thermal Sensation vs. Preference
	/Figure 4.28: Thermal sensation vs. preference
	Table 4.16: Mean values for thermal comfort parameters and indices
	Figure 4.30: The software developed for estimation of PMV and PPD based on Appendix D, ASHRAE Standard 55 (2013)
	Figure 4.31: PMV and PPD in a radiantly cooled building in Malaysia
	4.16 Energy Consumption of the Radiant Cooling System
	Table 4.18: Average annual BEI (kWh/m2/year) for year 2010/2011
	4.17 Energy Consumption of the Conventional All-Air VAV System
	4.18 Comparison of Energy Use for Both Systems
	Figure 4.37: Comparison of energy consumption by equipment for both systems
	4.19 Potential Energy Cost Savings
	Table 4.21: Comparison of electricity use between both air-conditioning systems
	This finding concludes that the slab-integrated radiant cooling is a more cost-effective cooling technology for large office buildings in the equatorial regions, judging from the amount of cost savings obtainable in the long run. The payback period ca...
	4.22.2 Lighting System
	CHAPTER 5
	SUMMARY, CONCLUSION AND RECOMMENDATIONS FOR FUTURE RESEARCH
	REFERENCES
	Lang, V.P. (1979). Basics of air conditioning. Litton Educational Publishing, Inc.

	Cover Details.pdf
	ABSTRACT                      i
	DECLARATION                  viii
	1 INTRODUCTION
	REFERENCES                  145
	Table                   Page
	Figure                  Page

	PRICES_FLOFIT_IN_£__2013.pdf
	Blad1

	Labour cost.pdf
	Sheet1

	Appendix I - Complete Costing Sheets.pdf
	Chiller Maintenance - Trane

	Appendix H - Cooling Load Estimation.pdf
	SUMMARY




