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ABSTRACT

The development of insight-based graphical and algebraic techniques in process 
integration (PI) for carbon dioxide (CO2) emission targeting, design, and planning 
based on pinch analysis (PA) has evolved in line with the developments of other PI 
tools for the conservation of resources including heat, mass, gas, power, and 
electricity. Complementary PA-based tools can provide graphical and visualisation 
insights that are vital for better conceptual understanding of problems, particularly at 
the onset of CO2  emission systems planning and design, have been developed over 
the last ten years. Therefore, a comprehensive and systematic CO2 emission 
reduction planning and management using PA-based methods are proposed in this 
research to provide a systematic and vital insights towards CO2 emission reduction. 
This research proposes a methodology for CO2 emission reduction throughout 
product supply chain and end-of-pipe management of CO2 via total site integration. 
A palm cooking oil product is used to demonstrate the proposed methodology 
development. In the first step, CO2 emission hotspot which contributes the highest 
emission phase in the supply chain is identified. Next, the most suitable and 
economically viable CO2 reduction strategies are identified and screened by using 
CO2 management hierarchy as a guide, and SHARPS as a cost screening technique. 
At this stage, a total of 1,077 tonnes per year (t/y) CO2 emissions for a basis of 100 
t/y of palm cooking oil production are successfully reduced to 402 t/y which is 
approximately 63% reduction based on the implementation of CO2 emission 
reduction strategies that achieved target payback period (TPP < 2 years) and 
investment cost (INV < USD 150,000). In the third step, the remaining CO2 emission 
could be further reduced with end-of-pipe emission management considering 
multiple sites which can act as CO2 sources or demands. A methodology for total site 
CO2 integration is introduced to integrate and fully utilise the CO2 emissions among 
industries and/or plants via single and multiple centralised header before being sent 
to storage to permanently store and zero CO2 emissions can be achieved via single 
header. Finally, CO2 purification and pressure drop are considered during CO2 

transportation in the total site CO2 integration system’s design. An algebraic 
approach called CO2 utilisation and storage-problem table algorithm is proposed to 
obtain total site target for integration of CO2 utilisation and storage. In conclusion, a 
new integrated methodology of CO2 emission reduction for product supply chain and 
CO2 end-of-pipe management has been successfully developed. This new 
methodology is expected to enable planners, policy makers or designers to plan and 
manage their CO2 emissions reduction effectively as well as systematically planning 
for resource conservation.
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ABSTRAK

Pembangunan proses bersepadu (PI) berdasarkan teknik grafik dan algebra 
untuk sasaran pelepasan karbon dioksida (CO2), reka bentuk dan perancangan 
berdasarkan analisa jepit (PA) telah berkembang sejajar dengan perkembangan 
metodologi PI yang melibatkan pemuliharaan sumber termasuk haba, jisim, gas, 
kuasa dan elektrik. Metodologi pelengkap berasaskan PA yang telah dibangunkan 
sejak sepuluh tahun lepas menyediakan grafik dan pandangan visual yang mana 
penting untuk pemahaman konsep permasalahan reka bentuk dan perancangan bagi 
sistem pelepasan CO2 . Oleh itu, perancangan dan pengurusan pelepasan CO2 yang 
komprehensif dan sistematik berasaskan PA dicadangkan dalam kajian ini bagi 
menyediakan pengamatan penting dan sistematik terhadap pengurangan pelepasan 
CO2 . Kajian ini memperkenalkan metodologi pengurangan pelepasan CO2 menerusi 
produk rantai bekalan serta pengurusan akhir-paip pelepasan CO2 melalui CO2 

seluruh tapak bersepadu. Pembangunan metodologi dilaksanakan menerusi produk 
minyak masak kelapa sawit. Pada mulanya, fasa titik panas pelepasan CO2 iaitu fasa 
pelepasan CO2 yang tertinggi dalam rantai bekalan dikenalpasti. Seterusnya, strategi- 
strategi pengurangan CO2 yang paling sesuai dan ekonomik dikenalpasti dan disaring 
berdasarkan hierarki pengurusan CO2 sebagai panduan dan teknik penyaringan kos 
SHARPS. Pada peringkat ini, pelepasan CO2 sebanyak 1,077 tan per tahun (t/t) dari 
1 0 0  t/t asas produk minyak masak kelapa sawit telah berjaya dikurangkan kepada 
402 t/t dengan anggaran pengurangan sebanyak 63% berdasarkan pelaksanaan 
strategi pengurangan pelepasan CO2 yang mencapai sasaran tempoh pulangan balik 
(TPP < 2 tahun) dan kos pelaburan (INV < USD 150,000). Pada langkah ketiga, baki 
daripada jumlah pelepasan CO2 setelah metodologi pengurangan CO2 dilaksanakan, 
dapat dikurangkan lagi dengan pengurusan akhir-paip pelepasan CO2 yang 
mempertimbangkan tapak-tapak industri sebagai sumber pelepasan CO2 atau 
permintaan penggunaan CO2 . Metodologi CO2 seluruh tapak bersepadu telah 
diperkenalkan untuk menyepadukan dan menggunakan pelepasan CO2 dengan 
sepenuhnya di kalangan industri dan/atau loji-loji melalui sistem terusan tunggal dan 
pelbagai berpusat sebelum dihantar ke simpanan secara kekal dan sifar pelepasan 
CO2 boleh dicapai menerusi sistem terusan tunggal. Akhirnya, proses ketulenan CO2 

dan susutan tekanan sepanjang pengangkutan CO2 dalam reka bentuk sistem CO2 

seluruh tapak bersepadu telah dipertimbangkan. Pendekatan algebra penggunaan dan 
simpanan CO2 masalah jadual algoritma telah diperkenalkan untuk mendapatkan 
sasaran seluruh tapak bagi penggunaan dan simpanan CO2 bersepadu. Sebagai 
kesimpulan, kaedah bersepadu baru pengurangan pelepasan CO2 untuk rantaian 
bekalan produk dan pengurusan akhir paip CO2 telah berjaya dibangunkan. 
Metodologi baru ini dijangka dapat membolehkan perancang, pembuat dasar atau 
pereka untuk merancang dan mengurus pengurangan pelepasan CO2 mereka dengan 
berkesan serta merancang pemuliharaan sumber dengan sistematik.



vii

CHAPTER TITLE PAGE

DECLARATION ii

DEDICATION iii

ACKNOWLEDGEMENT iv

ABSTRACT v

ABSTRAK vi

TABLE OF CONTENTS vii

LIST OF TABLES xii

LIST OF FIGURES xiv

LIST OF ABBREVIATIONS xvi

LIST OF SYMBOLS xix

LIST OF APPENDIX xx

1 INTRODUCTION 1

1.1 Introduction 1

1.2 Problem Statement 6

1.3 Research Objective 7

1.4 Research Scope 8

1.5 Research Contribution 9

1.6 Thesis Outline 10

TABLE OF CONTENTS



2 LITERATURE REVIEW  12

2.1 Introduction 12

2.2 Process Integration based on Pinch Analysis 12

2.3 CO2 Emission Management and Integration 16

2.3.1 Supply Chain for CO2 Management 18

2.3.2 CO2 Mitigation in Industry 21

2.3.2.1 Transportation Sector for CO2

Reduction 29

2.3.2.2 Building CO2 Reduction Planning 30

2.3.2.3 Process Plant for CO2 Reduction 31

2.3.2.4 Industrial Site for CO2 Management 33

2.3.3 End-of Pipe Solution for CO2 Management 35

2.3.3.1 CO2 Capture and Storage Planning 36

2.3.3.2 CO2 Utilisation 37

2.3.3.3 Waste Management for CO2

Reduction 39

2.4 PI-based on PA CO2 reduction management 39

2.5 Research Gap 44

3 M ETHODOLOGY 45

3.1 Introduction 45

3.2 Problem Background 46

3.3 Methodology Development 47

3.4 Data Collection 50

3.5 Data Analysis 51

4 CO 2  EM ISSION REDUCTION FO R PRODUCT
SUPPLY CHAIN 52

4.1 Introduction 52

viii



4.2 Problem background

4.3 Methodology

4.3.1 STEP 1: Specify Product Basis and Identify 
Supply Chain Phases

4.3.2 STEP 2: Calculate CO2 Emission for Each 
Phases

4.3.3 STEP 3: Draw CO2 Supply Chain Product 
Diagram and Identify Highest CO2 Emission 
Contributor

4.3.4 STEP 4: Identify Potential CO2 Emission 
Reduction Strategy using CO2 Management 
Hierarchy

4.3.5 STEP 5: Construct Investment versus CO2 

Emission Reduction (ICO2R) Plot

4.3.6 STEP 6 : Implement SHARPS to Select Cost- 
Effective Strategy

4.3.7 STEP 7: Re-Draw CO2 Supply Chain Product 
Diagram

4.4 Case Study 1

4.4.1 Palm Oil Product Supply Chain

4.4.2 STEP 1: Specify Product Basis and Identify 
Supply Chain Phases

4.4.3 STEP 2: Calculate CO2 Emission for Each 
Phases

4.4.4 STEP 3: Draw CO2 Supply Chain Product 
Diagram and Identify Highest CO2 Emission 
Contributor

4.4.5 STEP 4: Identify Potential CO2 Emission
Reduction Strategy using CO2 Management 
Hierarchy

4.4.6 STEP 5: Construct Investment versus CO2 

Emission Reduction (ICO2R) Plot

4.4.7 STEP 6 : Implement SHARPS to Select Cost- 
Effective Strategy

ix

52

53

55

55

56

56

58

61

61

62

62

63

65

71

72

75

81



4.4.8 STEP 7: Re-Draw CO2 Supply Chain Product
Diagram 85

4.5 Case Study 2 87

4.5.1 Palm Oil Mill 87

4.5.2 STEP 4: Identify Potential CO2 Emission
Reduction Strategy using CO2 Management 
Hierarchy 87

4.5.3 STEP 5: Construct Investment versus CO2

Emission Reduction (ICO2R) Plot 89

4.5.4 STEP 6 : Implement SHARPS to Select Cost-
Effective Strategy 92

4.5.5 STEP 7: Re-Draw CO2 Supply Chain Product
Diagram 95

4.6 Conclusion 96

5 CO 2 EM ISSION MANAGEMENT FO R  TOTAL SITE
PLANNING 99

5.1 Introduction 99

5.2 Problem Background 100

5.3 Methodology 102

5.3.1 Specify CUS Header for Allocation of CO2

Sources and Demands 104

5.3.2 Identify of CO2 Sources and Demands 104

5.3.3 Construct CUS-PTA 105

5.4 Case Study 3 110

5.4.1 Scenario 1 111

5.4.2 Scenario 2 117

5.4.3 Scenario 3 120

5.4.4 Scenario 4 127

5.5 Conclusion 132

x



6  CO 2 TOTAL SITE PLANNING W ITH  
CONSIDERATION OF PURIFICATION AND
PRESSURE DROP 134

6.1 Introduction 134

6.2 Problem Background 135

6.3 Methodology 135

6.3.1 STEP 1: Identify CO2 Sources and Demands 136

6.3.2 STEP 2: Perform CUS-PTA 137

6.3.3 STEP 3: Calculate Purification Process 137

6.3.4 STEP 4: Calculate Pressure Drop and
Identify Compressor 138

6.4 Case Study 4 139

6.4.1 STEP 1: Identify CO2 Sources and Demands 139

6.4.2 STEP 2: Perform CUS-PTA 140

6.4.3 STEP 3: Calculate Purification Process 141

6.4.4 STEP 4: Calculate Pressure Drop and
Identify Compressor 144

6.5 Conclusion 146

7 CONCLUSION AND RECOM M ENDATION 148

7.1 Summary 148

7.2 Recommendation 150

REFERENCES 152
Appendix A 166-167

xi



xii

LIST OF TABLES

TABLE NO. TITLE PAGE

2 . 1 Pl-based on PA methodology research area 15
2 . 2 Summary table for the publications in CO2 emission 

reduction 40
4.1 CO2 emission in palm plantation 6 6

4.2 Energy and materials used in palm oil mill 67
4.3 CO2 emission in palm oil mill 6 8

4.4 Energy utilisation in palm oil refinery 69
4.5 CO2 emission for transportation inter-phase supply chain 70
4.6 Summary of CO2 emission at each of palm cooking oil 

supply chain phases 71
4.7 Fuel factor for steam production 73
4.8 Emission reduction strategies based on CO2 management 

hierarchy 74
4.9 Investment for each of reduction CO2 strategy 76
4.10 Investment and CO2 reduction for selected strategies 77
4.11 Gradient of each point in ICO2R plot 80
4.12 Price and emission factor for energy source 80
4.13 Investment of strategies and payback period 81
4.14 TPP after strategy screening 2 82
4.15 Emission reduction strategies based on CO2 management 

hierarchy in palm oil mill 8 8

4.16 Potential CO2 reduction strategy for palm oil mill 89
4.17 Investment and CO2 reduction of the strategy 90
4.18 Gradient of each point in ICO2R plot (case study 2) 92
4.19 TPP after strategies screening 1 (case study 2) 93
5.1 Illustrated CUS-PTA construction 107
5.2 Data for CO2 sources 1 1 0

5.3 Data for CO2 demands 1 1 1



xiii

5.4 CO2 sources and demands arrangement and header
selection 1 1 2

5.5 CUS-PTA for Scenario 1 1 1 4

5.6 CUS-PTA for Scenario 2 1 1 8

5.7 CUS-PTA for CO2 demand more than sources in H1 1 2 1

5.8 Final CUS-PTA for Scenario 3 1 2 4

5.9 CUS-PTA for CO2 demand more than sources in H2 1 2 8

5.10 Final CUS-PTA for Scenario 4 1 2 9

6.1 Purity demand higher than purity header in CUS-PTA for
CO2 Total Site 141

6 2  CUS-PTA with purification 1 4 3

6 3  CUS-PTA with purification and pressure drop 1 4 5

6 4  Comparison CO2 Total Site with/without purification 1 4 7



xiv

LIST OF FIGURES

FIGURE NO. TITLE PAGE

1 1  Global GHG emission according to gas type (IPCC, 2014) 1

1 2  Proportion of CO2 emission from energy sources (2014) 2

2.1 Composite Curves for minimum energy targeting (Klemes
et al., 2010) 13

2.2 Development of PI based on PA methodology in CO2

emission reduction 17
2.3 Energy Supply and Demand Composite Curves (Tan and

Foo, 2007) 21
2.4 Energy supply composite curve for maximise coal usage

(Lee et al., 2009) 23
2.5 The estimated total annual energy consumed for generating

electricity in New Zealand in 2011 including the additional 
energy required for CCS operations to achieve zero carbon 
emissions (Walmsley et al., 2014) 25

2.6 Graphical procedure to determine compensatory renewable
energy requirement (Tan et al., 2009) 26

2.7 RRMCC for minimised carbon emissions footprint (Lam et
al., 2 0 1 0 ) 28

2.8 Combined emissions Composite Curve for freight and
passenger transport demand according to transport purpose 
and class in New Zealand for 2012, targeting up to 2050 
(Walmsley et al., 2015) 29

2.9 Carbon footprint composite curves (Tjan et al., 2010) 32

2 1 0  Carbon management hierarchy (Munir et al., 2012) 3 3

2.11 Source Demand Curve to facilitate CO2 exchange and
minimisation 34

2 1 2  CO2 utilisation by sectors 38

3 1  Process flow of the research 4 6

3 2  Framework of the study 4 9

4 1  CO2 emission reduction of a product supply chain 5 4

4 2  CO2 management hierarchy 5 7

4 3  Generic plot of ICO2R 60
4.4 The Malaysia palm oil industry supply network (Choong

and McKay, 2014) 63



xv

4.5 Boundary system for palm cooking oil product supply
chain 65

4.6 In and out diagram for palm oil mill (Kasivisvanathan et
al., 2 0 1 2 ) 67

4.7 In and out diagram for palm oil refinery (Haslenda and
Jamaludin, 2011) 69

4.8 CO2 emission palm cooking oil supply chain diagram 72
4.9 ICO2R plot for potential CO2 reduction strategies 78
4.10 The ICO2R plot screening 1 83
4.11 The ICO2R plot screening 2 84
4.12 The CO2 reduction in palm oil refinery phase 8 6

4.13 ICO2R plot for CO2 reduction potential strategies in palm
oil mill 91

4.14 The ICO2R plot for palm oil CO2 reduction strategy
screening 94

4.15 The CO2 reduction in palm oil mill phase 95
4.16 CO2 reduction in palm cooking oil supply chain after

implemented CO2 reduction management 96
4.17 Reduced CO2 emission in palm cooking oil supply chain 97
5.1 Illustration of CO2 Total Site 1 0 1

5.2 Process flow for CUS-PTA methodology 103
5.3 Optimal network for CO2 Total Site Scenario 1 116
5.4 Optimal network for CO2 Total Site Scenario 2 119
5.5 Optimal network for CO2 Total Site Scenario 3 126
5.6 Optimal network for CO2 Total Site Scenario 4 131
6 . 1 Process flow of CO2 Total Site planning with parameters

consideration 136
6 . 2 Block diagram for purification process 137
6.3 Location of CO2 sources and demand from furthers to

nearest head to storage 140
6.4 Mass balance of the purification process 142
6.5 CUS design network with purifier and installation of

compressor 146



xvi

LIST OF ABBREVIATIONS

Set
i
j
k
q

Variable
CO2R

ESc o 2

F CO2

f c -d
f c -h i
f D

f g

Fo g

FP in

F t
INVafter

IN J /^ n  itial

INVset

INVstrategy

m
Pc 02H
D  H2  P CO2

p D
q base case 

strategy

^im plem ent 

r jip p in itia l

Tpp *et
Tpp after

Parameter
CC
D
Dt
E

EF

Index for supply chain phase 
Index for CO2 reduction strategy 
Index for CO2 source 
Index for CO2 demand

Value of CO2 emission reduction 
CO2 emission 
CO2 flowrate
Fresh CO2 flowrate to demand 
Fresh CO2 flowrate to header 1 
After purified flowrate 
Tail gas flowrate 
Other gas flowrate 
Feed flowrate to purify 
Flue gas flowrate 
Investment after SHARPS 
Investment before SHARPS 
Desired investment
Individual investment for each of the strategy
Gradient of strategy
CO2 purity of the header 1
CO2 purity of the header 2
Purified product purity
CO2 emission before reduction
Individual contribution of CO2 emission reduction for each of 
the strategy
CO2 emission reduction when a strategy is implemented 
Initial total payback period 
Desired TPP
Total payback period after SHARPS

Estimated capital cost (USD/unit)
Demand
Distance
Utilised amount of strategy proposed (result in CO2 emission 
reduction)
Emission factor



xvii

H1 - Header 1
H2 - Header 2
H1-D - Header 1 to demand
H2-D - Header 1 to demand
H2-H1 - Header 2 to Header 1
H1-H2 - Header 1 to Header 2
P C0 2 - C 0 2 purity
Rer - Recovery efficiency
S - Source
x - Consumption activity

Other
CC - Composite curve
CCC - Cost composite curve
CCS - Carbon capture and storage
CCU - Carbon capture and utilisation
CCUS - Carbon capture, utilisation and storage
CECR - Cost effective carbon reduction
CEPA - Carbon emission Pinch Analysis
CMH - Carbon management hierarchy
CO2CC - Carbon dioxide composite curve
CSCA - Carbon storage cascade analysis
CSCC - Carbon storage composite curve
c s p o - Certified sustainable palm oil
CUM - Cumulative
CUS-PTA - C 0 2 Utilisation and Storage-Problem Table Algorithm
e o r - Enhanced oil recovery
e r o i - Energy return on energy investment
FiT - Feed-in-Tariff
GCA - Gas cascade analysis
GCC - Grand composite curve
GCCA - Generic carbon cascade analysis
GHG - Greenhouse gas
HEN - Heat exchanger network
HI - Heat integration
ICO2R - Investment versus C 0 2 reduction
LCoE - Levelised cost of electricity
LIES - Locally integrated energy system
LP - Linear programming
MED - Ministry of Economic Development
PI - Process integration
PTA - Problem table algorithm
RCN - Resource conservation network
RE - Renewable energy
REC - Regional energy clustering
RESDC - Regional energy surplus deficit curve
r s p o - Roundtable on Sustainable Palm Oil
RRMCC - Regional resource management composite curve
SDC - Source demand curve
SHARPS - Systematic hierarchical approach for process screening



xviii

SUGCC - Site utility grand composite curve
TS - Total site
TSCI - Total site C 0 2 integration
WAMPA - Waste management Pinch Analysis



xix

LIST OF SYMBOLS

% - Percentage
APd - Pressure drop
°C - Degree celcius
D - Pipe diameter
£ - Roughness value
EF - Emission factor
Es - Utilised amount
f - Friction factor
in - Inch
kg - Kilogram
km - Kilometre
kW - Kilowatt
L - Pipe length
m - Mass flow rate
M - Million
m3 - Meter cubic
mn - Slope for each strategy
MPa - Megapascal
MWh - Megawatt hour
Re - Reynolds number
t - Tonne
TJ - Terajoule
y - year
n - Pi
P - Fluid density
E - Summation



xx

APPENDIX

A

LIST OF APPENDIX

TITLE PAGE

Publication 166



CHAPTER 1

IN T R O D U C T IO N

1.1 Introduction

Greenhouse gas (GHG) emission contributes the main cause of global climate 

warming and has received much attention in recent years due to its environmental, 

social, and economic impacts. Power plants, petroleum refineries, cement factories, 

steel plants, and chemical process industries are major contributors of GHG 

emission. Heightened global warming issues have led the governments, industries, 

businesses, and consumers becoming increasingly aware the importance of 

environmental conservation. Figure 1.1 indicates the global GHG emissions 

according to various types of gas in 2010 (IPCC, 2014).

■ Carbon dioxide (fossil fuel and 
industrial processes)

■ Carbon dioxide (forestry and 
other land use)

■ Methane

■ Nitrous Oxide

■ Fluorinated gases

2 %

Figure 1.1: Global GHG emission according to gas type (IPCC, 2014)
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CO2 emission contributed 76% of total GHG worldwide, mainly from the 

consumption of fossil fuel and industrial processes. Rapid economic growth 

increases the energy consumption, hence increases the emission. In 2014, China and 

The United States (US) ranked the top CO2  emitters globally that includes CO2  

emissions from fossil fuel burning, cement production, and gas flaring (Boden et al., 

2016). Yang and Chen (2014) have reported different proportions of CO2 emission 

based on various energy sources as illustrated in Figure 1.2.

CO2  emission 
67.67%

Coal Crude oil Coke Diesel GasolineNatural gas Fuel oil Kerosene

Figure 1.2: Proportion of CO2 emission from energy sources (2014)

Energy source from burning coal contributed to the highest of total global CO2  

emission. The most widely used source for electricity production is coal due to its 

high energy content as well as its low price compared to others (Yang and Chen,

2014). However, electricity generation in Malaysia is mostly fossil-based, in 

particular natural gas and crude oil. In 2013, Malaysia’s primary energy supply is 

natural gas (65.5%), crude oil (29.1%), hydropower (2.7%), coal and coke (1.9%), 

biodiesel (0.5%) and biomass (0.3%) (Suruhanjaya Tenaga, 2015). Electricity 

generation and industrial sectors that used coal as an energy source has contributed 

more than half (52%) of total GHG emissions in 1990 to 2013 (US EPA, 2015). The 

high energy consumption however, is mainly contributed from major losses in 

electricity generation, transmission, and distribution (US DOE, 2015) meanwhile 

about 70% of total electricity production has been used to satisfy the industrial 

demand that is being attributed for steel industries, chemicals, cement, and 

automobiles production (Olivier et al., 2014).
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Due to Malaysia’s CO2 emission scenario, Renewable Energy Act 2011 and 

Sustainable Energy Development Authority Act 2011 have been introduced to 

encounter this. On top of that, the Feed-in-Tariff (FiT) system was initiated in 2011 

as one of the sustainable policy and act as a supporting measure to accelerate 

renewable energy growth (Aghamohammadi et al., 2016). Under a FiT, utilities are 

legally contracted to purchase electricity generated from any renewable sources such 

as biomass, small hydro, biogas and solar power at a fixed rate and period as outlined 

in the law. Therefore under this scheme, every kilowatt-hour (kWh) exported to the 

main grid, a guaranteed payment is made to the FiT energy developer.

The development and implementation of various methodologies and strategies 

through Process Integration (PI) could provide a sustainable alternative to control the 

rising emissions. PI is a set of methodologies used for the conservation of resources 

and reduction of harmful emissions via integration of several parts of processes, 

coupled processes, and processes within Total Sites (Klemes et al., 1997) or 

industrial areas within a region (Perry et al., 2008). PI-based on Pinch Analysis (PA) 

has emerged as an insight-based tool for the design of energy efficient process 

system during the oil crisis of the 1970s (Linnhoff and Flower, 1978). PA was first 

developed for the optimal design of heat exchanger networks (HEN) by Hohmann 

(1971) and further developed by Linnhoff and Flower (1978) -  see Klemes et al. 

(2014) for detail description.

The term ‘Pinch’ represents the thermodynamic limit for the maximum heat 

recovery of a process. PA has successfully emerged as an effective design tool for 

various resource conservation systems, such as optimal hydrogen system (Alves and 

Towler, 2002), heat and power (Perry et al., 2008), extended Water Pinch and 

wastewater minimisation networks (Wan Alwi et al., 2008), design gas network 

(Wan Alwi et al., 2009), Total Site Heat Integration (TSHI) (Varbanov and Klemes, 

2010), biomass supply chain (Lam et al., 2010) and Power Pinch (Wan Alwi et al., 

2012). Over forty-five years, PI-based on PA methodology has a remarkable progress 

and has evolved into a suite of graphical, algebraic, and numerical tools used in the 

conservation of various types of resources.
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Increasing CO2 emission reduction in energy generation and utilisation has 

received growing attention due to its negative environmental impacts and there is a 

need to address global sustainability challenges for future works. To date, extensive 

researches have been done on the development of conceptual methodologies and 

optimisation tools for efficient energy management, sustainable process design and 

retrofit addressing the environmental concerns. These are aimed to increase the 

profitability and sustainability of industrial activities. Systematic planning and 

management of emissions are one of the sustainable potential alternatives to address 

the increasing anthropogenic CO2 emissions from various major industries, including 

power plants, chemical plants, refineries, cement production factories, and iron and 

steel industries (Kravanja et al., 2015). This issue has led to extensive research into 

proper planning and policy formulation for the past decades and remains a need for 

effective approaches that can systematically plan CO2 emission reduction through PI- 

based on PA methodology.

Palm oil production is among the biggest vegetable oil production contributing 

to 35.5% of total annual production in the world, and Malaysia is the second largest 

producer and exporter of palm oil (Hosseini et al., 2013). According to Reijnders and 

Huijbregts (2008) the CO2 emissions contributed by palm oil industry is estimated in 

the range of 2.8 to 19.7 kg CO2 equivalent per kg palm oil. The main sources were 

from land conversion (60%), methane emissions from palm oil mill effluent 

treatment via anaerobic digestion (13%), fossil-fuel combustion (13%) and fertilizer 

use (4%) (Hassan et al., 2011). Roundtable on Sustainable Palm Oil (RSPO) has 

developed a set of environmental and social criteria which palm oil supply chain 

companies must comply in order to produce Certified Sustainable Palm Oil (CSPO). 

It is important to ensure the credibility of the sustainability claim at the end of the 

palm oil supply chain. Based on CSPO, there is a need to develop systematic tools to 

evaluate CO2 emissions throughout palm oil supply chain, from raw materials, until 

the transport to consumer.
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There are numerous graphical, algebraic, and numerical tools that have been 

used for PI-based on PA CO2 emission reduction and planning. Tan and Foo (2007) 

were the first who proposed PI-based on PA for CO2 emission reduction planning. 

They introduced a graphical Carbon Emission Pinch Analysis (CEPA) approach to 

satisfy both regional energy demand and region-specified emission limits in the 

power sector. The CEPA methodology was extended to include CO2 emission 

reduction for region electricity sector (Atkins et al., 2010), chemical processes (Tjan 

et al., 2010), industrial park CO2 planning (Munir et al., 2012), CO2 emission 

reduction for New Zealand transport sector (Walmsley et al., 2015), waste 

management Pinch Analysis (Ho et al., 2015), and Greenhouse Emission Pinch 

Analysis (Kim et al., 2016). It has also been further extended for end-of-pipe CO2 

reduction management and planning through carbon capture and storage (CCS) 

planning (Ooi et al., 2013) and CO2 storage planning problems (Diamante et al.,

2014).

Despite numerous methodologies have been developed for CO2 emission 

planning and management, yet the optimal strategies to plan and manage CO2 

emissions efficiently have not been adequately investigated. Therefore, this study 

proposes a comprehensive and systematic CO2 emission reduction planning and 

management methodologies using PI-based on PA to provide systematic, 

visualisation advantages as well as introduce a coherent planning and management 

strategies for CO2 emission reduction from the view of product supply chain and 

end-of-pipe CO2 emission solution. Product supply chain that consists of multiple 

levels of product development may contribute a myriad amount of CO2 emission. On 

top of that, growing power and fuel usage due to increasing industrial demands could 

also contribute to the largest share of emissions if there is no systematic planning or 

management implemented in future.
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Product supply chain involved multiple processes in a product development, 

which emitted a lot of CO2 emission throughout several phases starting from material 

acquisition phase to product disposal phase. It is crucial to reduce CO2 emission for 

all phases of the supply chain, but this is optional and yet to be determined either the 

options are economically feasible or infeasible. Established methodologies of PI- 

based on PA have contributed substantial reduction in CO2 emission, however most 

of the methodologies proposed focussing on a single process without aiming for the 

emission hotspot phase of the supply chain. Furthermore, the cost-effective screening 

technique to prioritise emission reduction options as to reduce CO2 emission within a 

set of economic criteria such as investment limit target or payback period are not yet 

explored.

Meanwhile, CO2 capture, utilisation, and storage have emerged as an end-of- 

pipe solution for CO2 emission. Remaining CO2 emission from any process in 

product supply chain would be further reduced by integrating CO2 sources and 

demand in Total Site CO2 utilisation and storage. The integrated methodology for 

end-of-pipe CO2 emission is still limited and most of the works concentrated on CCS 

development. The emission reduction planning to maximise the recovery of CO2 

capture as well as to minimise the CO2 to be sent for storage via centralise header 

system has not yet been considered.

The overview of the problem statement for this research can be summarised as 

below.

Given that CO2 emission are being produced throughout a product supply 

chain. It is desired to determine which phase of the product supply chain that 

contributes to the highest CO2 emission (hotspot) and design suitable strategies based 

on CO2 emission management hierarchy consisting of conservation, source 

switching, and sequestration to reduce the CO2 emissions based on economic criteria. 

In addition, there is a need to develop new targeting technique to determine the

1.2 Problem Statement
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maximum amount of CO2 emitted by the industries (CO2 sources) which can be 

captured, purified and utilised by certain industries as CO2 demands. The remaining 

CO2 which is not possible to be utilised will be send to the storage reservoir as a final 

end-of-pipe solution. The exchange of CO2 will be done via centralised headers with 

the end of the header is the CO2 storage. The goal is to minimise as much as possible 

the amount of CO2 send to the storage by maximising CO2 utilisation, and at the 

same time this can also lead to the reduction of pure CO2 requirement.

1.3 Research Objective

The main objective of this research is to develop PI-based on PA 

methodologies for CO2 emission reduction planning and management. The 

developed methodologies are insight-based graphical and algebraic approaches. The 

research objectives are as follows:

(1) To develop a holistic framework for CO2 emission reduction planning and 

management throughout a product supply chain and CO2 Total Site.

(2) To develop a systematic cost screening technique for CO2 emission reduction 

strategy in a supply chain phase.

(3) To develop a targeting methodology for maximising CO2 utilisation in an 

industrial site and minimise fresh CO2 consumption and emission by considering 

with and without CO2 purification and transportation.
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The scope of this research includes:

(1) Developing a holistic framework for CO2 emission reduction planning and

management:

(i) Identify supply chain phases of a product target and set a boundary for 

CO2 emission analysis.

(ii) Estimate CO2 emission of each of the supply chain phase

(iii) Develop a graphical tool to identify the product supply chain emission 

hotspot phase.

(iv) Test the methodology on the case study

(2) Developing a systematic screening technique for CO2 emission reduction

strategies:

(i) Identify available CO2 emission reduction strategies and cost of 

investment.

(ii) Estimate potential CO2 reduction for each of the strategy.

(iii) Construct a plot of selected emission reduction strategies with 

hierarchical guideline combination for heat and electrical energy 

source to meet desired investment limit or payback period (cost 

effective).

(iv) Perform cost-effective screening using Systematic Hierarchy 

Approach for Resilient Process Screening (SHARPS).

(3) Developing a targeting methodology for Total Site CO2 utilisation and storage:

(i) Introduce a new concept of centralising header system to integrate 

CO2 sources and demands within a certain area.

(ii) Identify data needed to be collected for the analysis.

(iii) Develop targeting methodology for Total Site CO2 utilisation and 

storage.

(iv) Test the methodology on a case study.

1.4 Research Scope
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(4) Developing a targeting methodology for maximising CO2 utilisation 

considering purification and transportation.

(i) Study the purification technology of CO2 and the important parameter

for CO2 transportation.

(ii) Identify data needed to be collected for the analysis.

(iii) Develop targeting methodology for Total Site CO2 utilisation and

storage considering purification and pressure drop.

(iv) Test the methodology on a case study.

1.5 Research C ontribution

Four main contributions have emerged from this work. A new methodology 

for CO2 reduction planning throughout product supply can equip product planners, 

designers or policymakers with valuable insights into CO2 emission reduction. A 

combination of cost-effective screening graphical approach and a hierarchical 

guideline can systematically plan the CO2 emission reduction options and emission 

can be managed whilst still keeping within the investment and emission reduction 

target.

Besides, remaining CO2 emission from any process throughout the supply 

chain can be further reduced in CO2 Total Site planning. This methodology could 

integrate CO2 emission sources (supply) with CO2 demands (CO2 utilisation) using a 

centralised header system before it is being sent into storage permanently. As an 

overview, this research involves CO2 emission reduction planning and management 

from the beginning of CO2 emission of product development to CO2 end-of-pipe 

solution (e.g CO2 storage).
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This thesis consists of seven chapters. Chapter 1 provides an introduction to the 

research background including an overview of global emissions, research problem 

statements, research objectives, and scope of research. A review on the development 

of PI-based on PA in CO2 emission planning and management involving previous 

works is presented in Chapter 2, which ends with a highlight on state-of-the-art PI- 

based on PA in CO2 emission reduction planning and management.

Chapter 3 presents an overall framework for the study. Subsequent chapters 

describe the step-wise methodology construction used to develop the CO2 emission 

reduction planning and management methodologies in this study.

Chapter 4 describes a methodology development for CO2 emission planning 

and management throughout a product supply chain. A combination of graphical and 

heuristic approaches that extend upon SHARPS was proposed to evaluate the CO2 

emissions of a product throughout its supply chain and to select the most suitable, 

and economically viable CO2 reduction strategies. The methodology was developed 

within the desired investment criteria that could still yield economic and 

environmental benefits to improve the profitability and sustainability. Case Study 1 

and 2  were demonstrated with modified data from literature study to validate the 

developed methodology.

In Chapter 5, methodology development of CO2 integration targeting technique 

for optimal targeting CO2 utilisation and storage was developed. The methodology 

involved the integration of CO2 captured to utilise across industries and/or plants that 

are linked via centralised headers before the remaining CO2 are permanently stored. 

This methodology was demonstrated throughout Case Study 3.

Chapter 6  describes methodology development for targeting CO2 

transportation via pipeline header system. Purification process for high purity CO2 

demand and pressure drop along CO2 transportation were considered to further

1.6 Thesis Outline
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improve the design of a centralised header system for CO2 utilisation, and storage. 

This methodology was further demonstrated in Case Study 4.

Finally, Chapter 7 concludes overall findings for this study and proposed a few 

recommendations for future works.
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