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Summary:

There have been numerous efforts to tackle the problem of construction and
demolition waste accumulation worldwide unlike the situation in the developing
countries and Egypt as well. This study develops a framework for identifying the
optimum fleet required for wastes transportation and the most sustainable disposal
strategy. Various fleet combinations are assessed against the time needed to transport
the wastes, the total cost of transportation, energy consumed along with carbon
emissions emitted from this fleet. Multi-objective optimization using non-dominated
sorting genetic algorithm (NSGA-II) is performed in order to select the most feasible
solutions. Ten types of multi-criteria decision-making techniques are performed in
order to rank alternatives obtained from Pareto frontier points. In this regard, two
group decision-making techniques are performed in order to aggregate the results
obtained from the ten multi-criteria decision-making techniques. Sensitivity analysis
is carried out to determine the most sensitive attribute and the most sensitive measure
of performance. The research proposed a model for the economic assessment of two
construction and demolition waste disposal strategies; landfilling and recycling. It
examines the sensitivity of specific economic and environmental parameters and their
effect on the selected disposal strategy. The proposed model is validated by
examining a case study from the construction sector in New Cairo, Egypt.



Table of Contents

ACKNOWIEAZMENT....ccuiiiniiiniiiniiieiiieiiieitetitetieeesnessntosasssntosstsesssssssssssnsosnsssnsosnsimimsns VI
LiSt Of TabIeS. . cuviiueiiiiiiiiiiiiiiiniiieiiietiiriestieciumesesssssssasssatsstossssesssnsssnssosssssssissssens VI
LIS Of FIgUIES e ineeeieieeeiiieeieeieeeeeerenrencenceensnsensssmensonsansansansansansansansansansensennssnses VIII
2 1] 5 07 T X
Chapter 1 INTFOAUCTION .....c.oiuiiiiiiitiiie ettt bbb 1
I R €1 1< - | ST URTR PRSI 1

1.2 Construction & Demolition Wastes Management ............ccoerirerererieniniesise e 2

1.3 Problem StatemENT........cooiiiiee et re e 6

1.4 RESEAICN ODJECLIVES...c.uviiiiiiieie et st e e sre e sre e sra e e eeeste e sreesreesneennes 7

1.5 Research Scope & LIMItations .........cccciviiiiiiiiiiie et 7

1.6 ReSearch MethodolOgy ........ccccoiiiiiiiiiiiisi e 7

O 1T R @ T o T T T 2 U1 o] o ISR 8
Chapter 2 : LITErature REVIEW ........cciiiiiiiie ettt ee e ste e st staesn et e e te e teeste e sneesneeeneeenree e 9
N A €1 0 T | SR 9

2.2 QUANLITYING C&D WASTES......cviiiieiiciieiesie e 9

2.3 CaUSES OF C&D WASEE ......eiiiieeeie ettt sttt r et sre e e e 10

2.4 Key Players in C&D WasteS OPEratiONS ..........ceoveveeriririerieniesiesieesesesiese e sneeeneas 11

2.5 Requirements for Successful C&D Recycling Operation............ccocovvriinineneneneienenas 12
T8t A 1 (= oo L1 o] PSS 12

2.5.2 Proper EQUIPIMENT.......coi ittt sttt st et be e e sbesneesreens 12

2.5.3 Experience in C&D OPEIatiONS.........ccocuiiririirieiieieise sttt 12

2.5.4 Trained EMPIOYEES ......ccoiuiiiieeeieiee et 13

2.5.5 Knowledge of Recycled Materials Markets ..........cccccovvviiiiiiiecic e 13

2.5.6 FINANCIAl CAPACITY ....eveveiiieieieieese ettt bbb 13

2.5.7 Incorporation into Traditional CONTrACES ...........ccoeveiiriiiiiereeeee e 13

2.5.8 SHITtING ROIES ...c.viiiice et sre e sre e sreesneeenes 13

2.5.9 POLICY .ottt b e e et eare e areares 14

2.5.10 Marketing the NeW MaterialS ............cooviiiiiiiiiiiei e 14

2.6  Potential Uses and Limits of Recycled ProductS ..........ccccevvviiiiiieesiec v 14

2.7 Recycling Plant TEChNOIOQY ......ccvoiuiiiiiiiice ettt et 15
2.7.1 RECYCHNG PrOCESS......ccutitiitiieiiieiei sttt bt 15

2.7.2 Plant GENEIALIONS. .. .c.veiiiieieii ettt sttt sttt et saesteereenbesse e e e steaneenrennes 16

2.7.3 Aggregates Production VS Concrete ReCYCliNg.........cccovevvevieiiiinii e, 17

2.7.4 TYPES OF CIUSNEIS ....cuveii ettt st sre et e s re e e beaneesreens 19



2.8  Overview Of Concrete RECYCIING.......ccuiiiiiiiiieeee e 21

2.8.1 Composition and Quantities of Waste in EQYPL .......coovivii i 23
2.8.2 Recycle and Test Recycled AQQregates........ccveiieiieieerieeieeseesee e see e e e sreesreesneesnes 25
2.8.3 Recycle Barriers and SOIULIONS. .........cooiiiiirieiiieiese e 25
2.9  Certification and Accreditation INItIAIVES..........cccoviiviiiiiiiie e 26
2.10 Recycle Guidelines and REQUIALIONS .........ccccuiiiieeieiieiric e se e see e e nre e sreens 26
2.11 Previous Researches in the Field of Concrete Recycling .......cccccvevvevviieic i, 27
2.12 Past Experiences in the Field of Concrete Recycling Inside and Outside Egypt............... 28
2.12.1Recycling Plant in 6th of OCtODEr CitY .......cccooveiieieiiiiiie e 28
2.12.2EQYPLIAN COUB ..ottt ettt et e s s be e re et e be e e reaaeesreers 29
2.12.3Egyptian Environmental Regulations for Construction Waste Disposal..............c......... 29
2.12.4 Stationary Recycling Plant in South Madrid ... 30
2.12.5Mobile Recycling Plant in PariS ........ccceiiieiieeiiie i se e see e see e e snee e 30
2.12.6 Structure and Material Research Centre (CEDEX) in Madrid ............cccooevvveveiniieinnnne. 31
2.12.7The EXPerienCe OF UK .......cco i 31
2.12.8 The Experience of HONG KONG ......ccooviiiiiie et 32
2.13  Summary and RESEAICH Gap.......cciviieiiiiicie sttt et st re e 33
Chapter 3 : Decision-making Techniques and Sensitivity Analysis .........cccoocviviieiieiieeie e, 34
TN 1T o= | OSSPSR 34
3.2 Multi-Criteria Decision-mMaking .........cccccciiveviiiiiieieiecie e 34
3.3 Applications of Multi-Criteria DeciSion-making...........ccocorerireneininniesese e 34
R Y LU= U o IO 4 (=T - PSP SSSTSST 35
3.5  Multi-Criteria Decision-making TEChNIQUES .........ccceiiieiieiiieieeree e 35
3.5.1 ARAS MEINOG .....oiiiiiiiiieiieie ettt e 35
3.5.2 COPRAS TECNNIGUE......cetiieieiieieiieiese ettt bbbt 36

K TSI T I L O I S SS 37
3.5.4 Grey Relational ANalYSiS........ccoiiiiiiiiiicc st 39
3.5.5 MOORA MELNOO......ccoiiiiiiiec ettt ettt re e sbe e sbe e saeesaresnnas 40
3.5.6 OCRA TECANIGUE ..ottt bbb 40
3.5.7 SAW MENOU......cceiiieiiee ettt sae st e ens 41
3.5.8 TOPSIS TECNNIGUE ......eiuiiiiiieieieieees ettt bbb 42
3.5.9 Weighted Product MOTEL............coooiiiiiiiiieeee e 43
3.5.10Weighted SUM IMOUEL.......ccoriiiiiiece e et sneesneas 43
3.6 Calculating AttributesS WeIghtS........coviii i 44
3.7  Rank Correlation COETFICIENTS ........oiiiiieiiie e s 45
3.8 Group DeCiSION-MAKING.......cceiuiiiiiiiriiiieriese et 45



3.8.1 Additive Group Ranking TECANIQUE...........ooiriiieieiiiiiie e 45

3.8.2 Multiplicative Group Ranking TeChNIQUE .........ccooiriiiiiiie e 46
3.9 SENSITIVITY ANAIYSIS ...veeiieiie et sre e e nnes 46
3.9.1 Determining the Most Critical Criterion...........coovoviiiiiiiiireeeee e 46
3.9.2 Determining the Most Critical Measure of Performance ...........ccccocvvvininenencieneen 47

G 0 0 T T 0 ] 1 1T TV OSSN 48
Chapter 4 : PropoSed FramEWOTK .........ccvoiiiiiiiiiiie ettt e e ae e sre e sae e sneesnaesneas 49
O -1 41T - | SR 49
4.2 Framework DeVEIOPMENT .......cciiiiiiei s 49
4.3 Framework COMPONENTS.......cviiiiiiiteie ettt ste e te e be e sr e st e e sbeetaebesba e e e stesneesrenns 49
4.4  Fleet Selection Module APPIICALION ........ccviiiiiiieiec s 51
4.5  Estimating FIEet ProdUCTIVILY .......ccooeiiiiiiiiiieieeee s 51
4.5.1 Productivity Deterministic MOdel ...........ccooviiiiiiii e 51
4.5.2 Productivity Probabilistic MOGEI..........ccccoveiiiiie e 52
4.6  Fleet Energy CONSUMPLION .....oiviiiieiiiiisiisiesi et 54
4.7 Fleet Carbon EMISSIONS .......ccuiiiiiiieiierie sttt ettt see e aesneeeeseeeneeseeees 55
4.8 SUMIMAIY ...tiiiitieeiiee ettt ettt et e e sa e e s bt e st e e e bee e asbeeanbe e e ssbeeanseeessaeesnbeeesnbeesnrenans 56
Chapter 5 : Optimizing Wastes Transportation Operations ............cccccevvevieerienesieseseesese e 57
LTS A 1T o= T - | SR SSSTSRT 57
5.2 Multi-Objective Optimization..........cccceiiiiiiiiii e e 57
5.3 GENELIC AlGOTTtNIMS ..ottt 57
5.4 SUMIMAEIY .ttt r et e et sb e Rt et n b e s e e Rt bt e nnesneenrenreare e e nre s 66
Chapter 6 : Selecting Waste Disposal Strategy Module ...........cccoiviiiiiiiiiienecee e 67
B.1  GBNEIAL ...ttt bttt neas 67
6.2  Recycling Plant TECANOIOQY ........covviririiiiiiie e 67
6.2.1 RECYCIING PrOCESS.....ciiiiieciee it steesie e e e s s e s st e e te e re e s e e e te e sbe e sreesreesneenneas 67
6.2.2 Economic Viability APProach ... 69
I o (o [ O] ST 69

6.2.2.2 OPEratiNg COSES ......eouiiuiieieiieieeieiee sttt 70

6.3 Economic Feasibility Model DeVEIOPMENT .......ceccviiiiiiicir e 72
6.3.1 Model Major ASSUMPLIONS ......cveieiiiriiitesienie ettt 72
6.3.2 Modeling C&D Waste RECYCIING ........ccoiiiiiiiiieeis e 73
6.3.3 Decision of Which AgQQregates t0 USE .......ccceiieiiiiieiie e see e sre e s snee e 73
6.3.4 EStIMAtion OF SAVINGS....ccuiiiieieiiiecie ettt e e aneas 73
6.3.5 IMPOSItION OF TAXES ....civiiieiiiticece ettt s te e be e sreens 74
6.3.6 USE OF SUDSTIES ....veevveieciicie sttt st ste e nbe e srennes 74



6.3.7 Combined Use Of TaxXeS and SUDSIAIES .......ccoeveereeieeeeeeeeeeeeee et ettt e e e e e e e seaeeenee s 75

6.3.8 Adding RecyCling Profit.........coooiiiie i 75

TR S TU ] 1 010 = SRR 76
Chapter 7 : Framework Implementation............cccooiiiiiiiiiiic i 77
8 R 1= T | SR 77

A O 1T (o Y S SST 77
O O 1T I B 1=t od o] (o o SRRSO 77

7.2.2 Model Application to the Case of NEW CaIT0 ........ccvvriririnierieieeesesee e 81

7.2.3 FIEEL SEIECLION ..ot st sre e neenes 81

7.2.4 Optimizing Wastes TranSportation..........ccccccvveeiieiiiieerieieiee et 84

7.2.5 RECYCHNG PIANT......ciiiiiitiiiieieee bbb 89

7.2.6 SENSITIVILY ANAIYSIS ..ot 95

S T 11 ] 101027 SRS 97
Chapter 8 : Decision-making in Wastes Transportation...........cccoccvevveveenieeninesiesneeseeseesnesne e 98
8.1 GBNEIAL. ..ottt aeeteentenaeereenrenre s 98

8.2  Multi-Criteria DeCiSION-MAKING .....c.ccoviiiiiiiiiiie e r e sre e e 98

8.3 COITEIALION IMALIIX ..ottt ettt sttt n e eneas 105

8.4 Group DeCiSION-MAKING.......cceiuiiriiriiiiiiesiee e 106

8.5 SENSITIVILY ANAIYSIS .. .ot 109
8.5.1 MOSt SENSItIVE ALLIIDULE .......eveiiieiiiiicce e 109

8.5.2 Most Sensitive Measure of Performance........c.covvvvieieiecie i 113

8.6 SUMIMAIY ...ttt ettt b e n bt se e b e nr e b e nnenre e n e 121
Chapter 9 : Conclusions and ReCOMMENALIONS ............ooveiiiiiiiiiiesie e 122
0.1 CONCIUSION ...ttt bbbttt s e bttt ettt nn b e eneas 122

9.2 ReSearch CONIIDULIONS........cciiieieie ettt sae e e 122

0.3 ReSEarch LIMITAtIONS .......ccoeiiiieie ittt st nee e 123

9.4 Research ReCOMMENAALIONS ........cciiiiiiiieiiiierieee sttt 123

9.5 Recommendations for FUtUre RESEAICN ...........ccvcveiiiieiie e 123

] (= =T =SSR 124
F N o] o 1=] 0 To | TSP TP T ST PP PP PTPPPON 139
Appendix A: C# Code Developed fOr MOGE ... s 139
Appendix B: Python Code Developed For Pareto Frontier POINtS ...........ccccoovviiiinciiiciiiccee, 146



Acknowledgment

Firstly, I give thanks to God for protection, ability to do work and the wealth of
knowledge | have at the moment.

My deepest gratitude is to my advisor, Prof. Mohamed Mahdy. | have been amazingly
fortunate to have an advisor who has been always there to listen and give advice. His remarks
and helpful constructive criticisms at various stages of my research were thought-provoking. 1
am grateful to him for his ceaseless encouragement and guidance. | hope that one day | would
become as good an advisor to my students as Prof. Mohamed has been to me.

In addition, I would like to show huge appreciation to my advisor Prof. Manal
Abdelhamid. | have certainly made a wise decision asking her to be my advisor and | am
thankful for her acceptance to do so. She is really a decent advisor on the personal and
professional level. Moreover, her technical capabilities in research supervision raised this
research to its final stages.

In particular, without the love and patience of my family, none of this could have been
possible. My family has been backbone to me and a source of inspiration in my research
journey. Their support, care, prayers and motivation helped me overcome setbacks and cling
to my graduate study. I greatly value their exceptional efforts for believing in me throughout
my thesis preparation and beyond.

Finally, | would like to dedicate my thesis to my grandfather who passed away fourteen
years ago.



List of Tables

Table 2.1: Origins and causes of construction waste (Glass et al., 2008).........cccccevvveierirrieiienirerenenn 11

Table 2.2: Estimated waste percentages from the Egyptian construction sites (Al-Ansary, 2001) ...... 24

Table 3.1: Characteristics of correlation coefficient (Banerjee and Ghosh, 2013) .........cccccceevveienene, 45
Table 4.1: Densities, fuel consumption rates, and load factors for diesel and gasoline engines (FAO

FOPESIIY, 1992) ...ttt bbbt bbbttt 54
Table 4.2: Energy intensity of transport modes in the USA (Weber and Matthews, 2008).................. 55
Table 4.3: CO2 emission factors for different transportation methods (Zhang et al., 2013) ................ 56
Table 5.1: Sample 0F GA SOIULIONS .......cvoiiiiiiiiiiree e 63
Table 6.1: Functions of facility’s major €qUIPMENT ...........ccveveiririririse e 69
Table 6.2: Service life of equipment (Ahn et al., 2010; Coelho and Brito, 2013) .........ccccoevevvenennene, 70
Table 6.3: Maintenance cost estimates (Coelho and Brito, 2013) ........ccccooeieiiiiiiniininise e 70
Table 6.4: Human labor local prices (HBRC, 2016).......cccccceviiiiiiiieeiieriee e see e sie e e e e e 71
Table 7.1: Available loader alternatives of the Case StUY ..........cccvevviiiiiieiiiecce e 78
Table 7.2: Available hauler alternatives of the Case StUAY ...........covririiiiineie 81
Table 7.3: Estimated daily C&D wastes from New Cairo city to the recycling plant (HBRC, 2016)..90
Table 7.4: Initial and operating costs for a potential C&D recycling plant in New Cairo city.............. 91
Table 7.5: Other initial costs for a potential C&D recycling plant in New Cairo City...........c.ccoceevenee. 92
Table 7.6: Other operating costs for a potential C&D recycling plant in New Cairo City .................... 92
Table 7.7: Recycling cost for a potential C&D recycling plant in New Cairo City ..........cccooevievnenen. 93
Table 7.8: Economic viability of landfilling and recycling C&D Wastes .........ccccceeveveveiieieineienn, 94
Table 7.9: Imposition of taxes and its effeCt 0N SAVINGS ..o 96
Table 7.10: Use of a subsidy and its effeCt 0N SAVINGS .........cceoiiiiiiiiiicieeces e 96
Table 7.11: Combined use of a levy and subsidy and its effect on savings..........ccccevcevveveeicieevicnnnn, 97
Table 8.1: Entropy value, variation coefficient and weight of attributes..........c.ccccooveviviviiciiincien, 99
Table 8.2: Numerical measures of nine multi-criteria decision-making techniques.............cc.ccceee... 100
Table 8.3: Ranking of alternatives obtained from ten decision-making techniques..........c..cccceevenein. 102
Table 8.4: Correlation matrix between each two decision-making techniques............cccccoovvviivernenne. 105
Table 8.5: Ranking obtained from group deciSion-making ............ccocrerererereieinisesee s 106
Table 8.6: Description of the first-ranked alterNatiVe ...........cccceeieiiieiiii i 109
Table 8.7: All possible values of 2'k, i, j for first alternative ...........c.cccceevverviiiienceisece e 110
Table 8.8: Criticality degrees and sensitivity coefficients of attributes...........cccooveveviiiiiiiiiecee, 112
Table 8.9: Threshold values T'i, j, k in relative terMS ..........cccooiiiriiiirie e 113
Table 8.10: Criticality degrees of all alternatives ..o 116
Table 8.11: Sensitivity coefficients of all alternativesS..........cccovevveiiiii i 119

VI



List of Figures

Figure 1.1: Building layers (Brand, 1994) .........cooi oottt 4
Figure 1.2: Construction and demolition waste hierarchy (Peng et al., 1997) .......ccccoeveviivievin v, 5
Figure 1.3: Cradle to Cradle approach (EI Haggar, 2007) ........cccoveieininineiesieseeeesese e 5
Figure 2.1: Flow chart of plant for recycling aggregate from concrete debris (closed system) (Boesman,

L985) ..o s et n s 15
Figure 2.2: Flow chart of plant for recycling aggregate from concrete debris (open system) (Boesman,

1) TSP TTPRPISRSON 16
Figure 2.3: Processing procedure for building and demolition waste (Hartmann and Jakobsen, 1985)

.................................................................................................................................................... 17
Figure 2.4: Flow chart of the aggregates production method (Tam, 2007) ........ccccceevvevevvevececiesiee, 18
Figure 2.5: Flow chart of the concrete recycling method (Tam, 2007) .......ccccoeereiiiiniinienene e 19
Figure 2.6: Jaw crusher mechanism (Hassanein, 2014) ........cccecveiieiiieiieeie e seesee e e e e seeens 20
Figure 2.7: Impact crusher mechanism (Hassanein, 2014) ........ccccovveviieiiieieieeie e 20
Figure 2.8: The current recycling practice in the world-1 (The Cement Sustainability Initiative, 2009)

.................................................................................................................................................... 22
Figure 2.9: The current recycling practice in the world-Il (The Cement Sustainability Initiative, 2009)

.................................................................................................................................................... 23
Figure 4.1: Components of the proposed framEWOIK............cccerveiiiiiiiiiiie e 50
Figure 4.2: Wastes transportation operation in developed stroboscope model...........c.cccoveveiveinininns 53
Figure 5.1: Schematic diagram of natural evolutionary systems (Elbeltagi et al., 2005) ..................... 58
Figure 5.2: Genetic algorithm flowchart (Abdelkader, 2015)..........ccooviiiiiiineeeeee e 59
Figure 5.3: Generated solutions from optimization model .............cccooiiiiiiiiiiici e 65
Figure 5.4: Pareto froNtier POINTS .........cccviiiiiiic ettt re e be e sreees 66
Figure 6.1: General layout sequence for the C&D wastes recycling plan ..........cccoevvnininiieneienns 68
Figure 7.1: Location of New Cairo City in EQYPL........ccooiiiiiieiiieiienesese s 77
Figure 7.2: NeW Caif0 CItY MaAP.....cciviiieeiieeiee e e seeseeseseeteeste e teesteesreeaeeeseeesteesreesneesneesnsesnseensesssnens 78
Figure 7.3: Interface of user input for general data.............ccccveviii i 82
Figure 7.4: Interface of user input for 10ad eqUIPMENT ..........cceiiiiiiiiie e 82
Figure 7.5: Interface of user input for hauling eqUIPMENT .......ccveiiiiiiiii e 83
Figure 7.6: Interface of output CalCUIAtioNS ...........ccooiiiicii i 83
Figure 7.7: Generated report and database from model ... 84
Figure 7.8: Spider chart of the generated SOIULIONS. ...........ccoeieiiiiiiii e 85
Figure 7.9: Defining Problem tYPe.......oov i 85
Figure 7.10: Defining POPUIALION SIZE......cc.iiiiiiiiiie ettt 86
Figure 7.11: Defining algorithm .........coiiiiiee e 86
Figure 7.12: DefiNiNg CrOSSOVEN FALE........couiiiiieiteiie ittt ste ettt et seeere et e e e sneaneeneeees 87



Figure 7.13:
Figure 7.14:
Figure 7.15:
Figure 7.16:
Figure 7.17:
Figure 7.18:
Figure 7.19:
Figure 7.20:

Determining parent SEleCtioN StratEgY .........cceoereiieieiririie e 87
Defining MUEALION FALE.......ccuiiieieieeie ettt e e 88
Determining deciSion Variables .........c.ccoveiieiee i 88
Determining 0DJECtiVe TUNCLIONS .........oiiiiiiece e 89
Determining CONSIIAINTS. ......c.cviiiiiirtererie et 89
Location of recycling plant in New Cairo city (HBRC, 2016).......c.ccccovvvieiivnieernenennns 90
The variation in savings with disposal cost in recycling plant............ccoccooviveiiiecnenenn, 96
The variation in savings with percentage of Profit..........ccccooveiiiiiiiinin e 97

VIl



Abstract

Environmental performance is now considered a critical indicator of modern construction
projects, in addition to the cost, time, quality, and safety. There have been numerous efforts to
tackle the problem of construction and demolition waste accumulation worldwide unlike the
current situation in most of the developing countries and Egypt as well. In Egypt, C&D wastes
are often deposited without any consideration, inviting illegal dumping of other kinds of waste
and garbage, which provoke a considerable burden on the environment and raise growing
public concern in the local community. Moreover, investigations on the current situation of
C&D waste management in New Cairo showed that there was an enormous demand for
recycled materials due to the current evolving construction activities. C&D waste management
that has not yet seen the light in New Cairo forms the prime focus of this research. The study
develops a framework for identifying the optimum fleet required for wastes transportation and
the most sustainable disposal strategy, in terms of economic and environmental aspects.
Various fleet combinations are assessed against the time needed to transport the wastes, the
total cost of transportation, energy consumed along with carbon emissions emitted from this
fleet. Multi-objective optimization using non-dominated sorting genetic algorithm (NSGA-I11)
is performed in order to select the most feasible solutions. Ten types of multi-criteria decision-
making techniques are performed in order to rank alternatives obtained from Pareto frontier
points. Each decision-making technique follows a certain methodology and thus yields
different rankings. In this regard, two group decision-making techniques are performed in order
to aggregate the results obtained from the ten multi-criteria decision-making techniques.
Sensitivity analysis is carried out to determine the most sensitive attribute and the most
sensitive measure of performance. The research proposed a model for the economic assessment
of two C&D waste disposal strategies; landfilling and recycling. It examines the sensitivity of
specific economic and environmental parameters and their effect on the selected disposal
strategy. The proposed model is validated by examining a case study from the construction
sector in New Cairo, Egypt. A few recommendations for future studies are additionally
introduced.



Chapter 1 : Introduction

1.1 General

The building industry ought to be organized with a specific end goal to achieve a
sustainable society since buildings are in charge of more than 40% of global energy usage, 30%
of raw material use, 25% of solid waste, 25% of water use, 12% of land use, and 33% of global
greenhouse gas (GHG) emissions (United Nations Environment Programme, 2008 [180];
United Nations Environment Programme, 2009 [181]). The building industry consumes about
47.6% of the energy and 75 % of the electricity produced in the United States. The building
sector emitted nearly half (44.6%) of all the CO2 emissions produced in the U.S. in 2010 (U.S.
Energy Information Administration, 2012) [177]. The building sector represented 40% of total
energy consumption in the European Union and half of CO2 emissions in the UK (Dowden,
2008) [45]. The building sector is expected to be responsible for 31% and 52% of total CO2
emissions in the world by 2020 and 2050, respectively (Pacheco-Torres et al., 2014) [138]. The
four major energy end-use sectors are the industrial, transportation, residential and commercial
sectors. The residential sector took the third place in the energy consuming sectors in the world
by accounting for about 18% of the total energy use (U.S. Energy Information Administration,
2011) [176]. The residential sector is in charge of 21% of the total CO2 emissions in the U.S.
(EIA, 2011) [178]. The rate of growth of carbon dioxide is 2.5% and 1.7% for commercial and
residential buildings, respectively between 1971 and 2004 (United Nations environmental
program, 2009). All the above-mentioned factors have exerted the pressure on all industries,
including the construction industry, to implement well-established methods to protect the
environment.

Buildings are constituted from multiple materials which require large amounts of energy
to extract and manufacture, known as the embodied energy (Stephan and Crawford, 2012)
[162]. Approximately 78% of the total embodied energy originated from the concrete and steel
building materials (Kofoworola and Gheewala, 2009) [99]. Current building energy
assessments concentrate exclusively on the operational energy that results in neglecting an
expansive part of the of the total energy demand. One of the major problems when formulating
a comprehensive life cycle energy assessment is ignoring the transportation energy. Incomplete
energy assessment won't bring about net energy savings and could even infer higher overall
energy consumption. A comprehensive technique to assess the energy use of a building over
its life cycle is subsequently required (Stephan and Crawford, 2012) [162].

The Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report
(AR4) has declared that GHG emissions, on account of human exercises, have increased by
70% between 1970 and 2004. The average worldwide temperature has increased by 0.74°C
between 1906 and 2005, while in the late 50 years, it increased by 0.13°C every 10 years,
double the temperature increment of the previous 100 years. Tests have demonstrated that it
will keep on increasing at a rate of 0.2°C at regular intervals in the following 20 years. That’s
why the global warming caused by greenhouse gas emissions has attracted the international
society’s attention (Pachauri and Reisinger, 2008) [137]. In response to this threatening
problem, a life cycle carbon emissions assessment is needed (Chau et al., 2015) [30]. Kyoto
protocol is a worldwide agreement that was developed in Kyoto, Japan, on 11 December 1997
and entered into force on 16 February 2005 (United Nations Framework Convention on
Climate Change, 2014) [182]. Signing the Kyoto Protocol is considered an evolution in climate
change research as it was the first agreement between nations to reduce greenhouse-gas



emissions (Climate Change Secretariat, 2002) [35]. Since then, a number of studies discussing
the climate change topic have been conducted (Houghton et al., 2001) [87]. The 20" century
witnessed the industrial revolution and the modern technologies that use excessive amounts of
energy without paying attention to its effects on the climate (Esmaeilifar et al., 2014 [58];
Samari, 2012 [150]). This, in turn, has resulted in a scarcity of natural resources, global
warming, air pollution, drought and overall critical climate changes (Christy and Spencer,
2003) [34]. The industrial revolution and modernization have expanded the building
development all around the world that requires an enormous amount of energy and produces a
lot of CO2 (Fong et al., 2009) [65]. Under the Kyoto protocol, the European Union consented
to target a decrease in greenhouse gasses by 8% for the period 2008-2012 (Viguier et al., 2003)
[186]. The European Union overachieved its target by accomplishing a reduction of 12.2%
from the base year (Institute for Global Environmental Strategies, 2014) [89]. The European
Union is now targeting to achieve a reduction of 20% from the base year by 2020 (European
environmental agency, 2010) [60]. Improvement is thus a necessity to increase the efficiency
of dealing with the issues of energy consumptions and CO2 emissions in buildings.

The construction industry is considered a great exploiter of primary materials and a huge
emitter of wastes and thus is required to comply with the sustainability targets (Al-Ansary,
2001) [11]. The major hindrance in achieving a sustainable construction industry lies in
handling the wastes resulted from construction and demolition activities. The sustainable
development is defined as “a process, which enables all people to realize their potential and
improve their quality of life in ways that simultaneously protect and enhance the Earth’s life-
support systems” (Parkin, 2000) [139]. Yesterday’s actions are no longer valid and the
construction industry, therefore, is obliged to adopt economic efficient and environmentally
friendly strategies for managing C&D wastes. The utilization of recycled concrete aggregates
is increasingly encouraged as an alternative to virgin aggregates. The responsibility lies on
project managers to make sure that contractors are knowledgeable of the full dimensions of
recycling and can use the recycled material in the intended applications (Roos and Zilch, 1998)
[149].

1.2 Construction & Demolition Wastes Management

In addition to the global warming problem, the global industrialization and urbanization
have resulted in significant amount of construction and demolition (C&D) waste. C&D wastes
have no absolute definition, their composition varies according to the location, type, age of the
project as well as the construction and demolition techniques (El Haggar, 2007) [50]. The EPA
defines C&D waste as “waste that is generated from the construction, renovation, repair, and
demolition of structures such as residential and commercial buildings, roads, and bridges”.
According to its generation phase, C&D waste can be divided into three categories:
construction waste (CW), renovation waste (RW) and demolition waste (DW). Another
definition of C&D waste, “Wastes from razed buildings and other structures are classified as
demolition wastes. Wastes from the construction, remodeling, and repairing of individual
residences, commercial buildings, and other structures are classified as construction wastes”
(Tchobanoglous et al., 1977) [169]. A Chinese guideline defined C&D wastes as: “The soll,
material and others are discarded and generated by any kinds of construction activities,
including the development, rehabilitation, refurbishment of construction projects” (Ministry of
Communications of the P.R. China, 2005) [123]. C&D waste comprises mainly concrete,
asphalt, masonry, wood, glass, plastics, insulation material, metals, paper, cardboard, ceramic
tiles, gypsum board, marble, granite, and filling material (Meyer and Walsh, 1996) [121]. This



