Cairo University

WASTEWATER REUSE POTENTIAL IN SANA’A BASIN

By

Abdullah Mohammed Ali Derhem

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
in
Irrigation and Hydraulics Engineering

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2016



WASTEWATER REUSE POTENTIAL IN SANA’A BASIN

By
Abdullah Mohammed Ali Derhem

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
in
Irrigation and Hydraulics Engineering

Under the Supervision of

Prof. Dr. Abdallah Sadik Bazaraa Dr. Mohamed Hamdy Nour
Professor of Irrigation and Drainage Associate Professor
Irrigation and Hydraulics Department Irrigation and Hydraulics Department

Faculty of Engineering, Cairo University Faculty of Engineering, Cairo University

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2016



WASTEWATER REUSE POTENTIAL IN SANA’A BASIN

By
Abdullah Mohammed Ali Derhem

A Thesis Submitted to the
Faculty of Engineering at Cairo University
in Partial Fulfillment of the
Requirements for the Degree of
MASTER OF SCIENCE
in
Irrigation and Hydraulics Engineering

Approved by the
Examining Committee

Prof. Dr. Abdallah Sadik Bazaraa, Thesis Main Advisor

Dr. Mohamed Hamdy Nour, Member

Prof. Dr. Mohamed Mohamed Salama, Internal Examiner

Prof. Dr. Tarek Ismail Sabry, External Examiner

(Prof of Sanitary & Environmental Engineering, Faculty of Engineering, Ain Shams
University)

FACULTY OF ENGINEERING, CAIRO UNIVERSITY
GIZA, EGYPT
2016



Engineer’s Name:

Date of Birth:
Nationality:
E-mail:
Phone:
Address:

Registration Date:

Awarding Date:
Degree:
Department:

Abdullah Mohammed Ali Derhem
1/1/1983

Yemeni
alanamyabdullah@gmail.com
00201122773041

39 Noor-Alsabah, Faisal, Giza, Egypt
1/3/2013

2016

Master of Science

Irrigation and Hydraulics Engineering

Supervisors:
Prof.Dr. Abdallah Sadik Bazaraa
Dr. Mohamed Hamdy Nour

Examiners:

Prof. Dr. Tarek Ismail Sabry (External examiner)
(Prof of Sanitary & Environmental Engineering, Faculty of Engineering,
Ain Shams University)

Prof. Dr. Mohamed Mohamed Salama (Internal examiner)
Porf. Dr. Abdallah Sadik Bazaraa (Thesis main advisor)
Dr. Mohamed Hamdy Nour (Member)

Title of Thesis:
Wastewater Reuse Potential in Sana’a Basin
Key Words:

Sana’a Basin; Wastewater Reuse; GIS; Hydraulic Analysis; Economic Analysis

Summary:

Reuse of wastewater in agriculture is considered one of the most recommended
alternatives for alleviation of water shortage in Sana’a Basin, Yemen. The results
showed that the reuse of wastewater can cover up to 30% of the agriculture demand, and
can increase the period of usable groundwater resources from 20 years to 35 years.
However, the results of economic analysis for different scenarios of reuse under the
proposed cropping pattern showed that it is feasible under gravity conveyance, while the
economic return is not attractive under pressurized systems. Government support to
implement the reuse options is required for environmental protection and social welfare.


mailto:alanamyabdullah@gmail.com

Acknowledgments

In this at the beginning and the end, all praise and thanks to Allah for giving me
the patience and perseverance to successfully accomplish my MSc program.

I would like to express my special thanks to my supervisors; Prof. Dr. Abdallah
Sadik Bazaraa, and Dr. Mohamed Hamdy Nour for their generous support, their
encouragement, patience, and their invaluable guidance during all phases of this
research. | feel the need to thank them from the bottom of my heart for giving me the
opportunity to be here and pursue my dream. | will always look up to them with the
deepest appreciation.

I would like to thank Prof. Dr. Mohamed Mohamed Salama and Prof. Dr. Tarek
Ismail Sabry for their great effort in review and valuable comments.

I wish express my profound gratitude to Dr. Sharfeldeen Ahmad, and Dr. Fadhl
Alnozaily for their support and encouragement.

I would like to thank NWRA-SB especially Mr. Saleh AL-Dabi (the head
manager), for supporting me with data, and help which is the starting point for my
research. Also, 1 would like to express my deep appreciation to all my friends for their
advice and help.

My sincere thanks also go to all the professors of the Irrigation and Hydraulic
Engineering Department at Cairo University for all the knowledge | gained in my
graduate courses.

I will be forever grateful to my parents, my wife and my sons for their continuous
support and encouragement that helped me to overcome difficulties during my whole
life, my study and my research.



Table of Contents

ACKNOWWLED GIMENT S ..ottt e e e e e e e e e e e e aeeeennes |
T ABLE OF CON T EN T S ..ottt e e e e e e e e eee e e e e e aneeees 1|
ST OF T A B LES ...ttt ettt e e e e e e e e e e e e e e e eeeeeeeeeennaaaeeeeeeeeees V
LIST OF FIGURES . ...ttt e e e e e e e e e e e eee e e e e e e e e e e e e e eeaees VII
NOMENCLATURE .cco ettt ettt st e e e ettt s e e e e esteess e s reeeeseens Xl
F AN IS I o T X1l
CHAPTER 1 : INTRODUCTION ..ottt e e e e e e e aeeenaas 1
1.1. BACKGROUND ... ..coiiieetttee et e et e et e e e e et eea e s eeeeeeeee et seseeseeeeessnnaaseeeeeeeennns 1
1.2. PROBLEM ST ATEMENT .t e ettt eeee et e e e e e e e eeeeeee e e e e eeeeeeeeeeaeaseeeeeeennsnnaaseeseeeeennes 2
1.3. THE IMPORTANCE AND JUSTIFICATIONS OF THE STUDY eevvvveeeeeeeeeeeeeeeeeee e 2
1.4. THE STUDY HYPOTHESES. ... et eeeeeeeeeee e e e e e e eeeeeeeteaa e e e e e e e e eeeaaaeeeeeeeeeennaaaneeeees 3
1.5. OPEN QUESTIONS ....eetitiutiesteesteesteeasteesieeasteesseeateesseeanteesseessbeeaseeatessneaesseesnees 3
1.6. OBUIECTIVES OF THE STUDY .eevtttuiiiieeeteeirtiniseeesseeessssssesesssessstsseeesssesssn 3
1.7. RESEARCH METHODOLOGY ..ovtvvvtttiiiiieeeteeessinissseeesssesssnnnsssessssssssssnnnssesssssesnns 4
1.8. THESIS OUTLINE .. eeeieeeette e e et e e ettt s st e e e e e e eee s e s eeeeeeeees st s seeesseeesstnnnrreeeees 4
CHAPTER 2 : LITERATURE REVIEW ...t 5
2.1. B ACKGROUND .....coiietteee ettt ettt e et e e e ettt e e et e e e e et et eeete s s eeretnreerernaaeas 5
2.2. RECLAIMED WATER APPLICATIONS .. ettt ettt e et e e e e e e e 7
2.3. BENEFITS AND CONSTRAINTS OF IRRIGATION WITH RECYCLED WATER.......... 8
2.4. NATIONAL EXPERIENCE IN REUSE PROJECTS .vuniieeeeee e ee e 11
2.5. LEVELS OF TREATMENT REQUIRED FOR DIFFERENT APPLICATIONS ............. 16
2.6. FEASIBILITY STUDIES METHODOLOGY OF WATER REUSE.......cccvvvviiieieeiiieenns 17
2.7. GUIDELINES AND REGULATIONS FOR WASTEWATER REUSE .....uvvveeveeeeiiiinnnn, 18
2.7.1. The World Health Organization’s Water Reuse Guidelines ...................... 19
2.7.2. U.S. EPA Guidelines FOr Water REUSE ........cvvveeeeeeeeeeeeeee e 19
2.7.3. SAUAT SEANAAITS ..ottt ettt e e et e e et e e e e e e ee e e eeeeeeaaiaes 25
2.7.4. JOrdanian StANAAITS. ........vveeeieeeee ettt e e et e e e e e e re e eee s 26
2.7.5. EQyptian Standards ..........cccocoveiiiiiiiie e 27

2.8. PREVIOUS STUDIES IN SANA’A BASIN, YEMEN......coeutuuieiieeeeeeeeeiieieeeeeeereeenns 30
CHAPTER 3 : METHODOLOGY .ot e e e eee s 33
3.1. INTRODUCTION . .. ettt ettt et et e et e e et e e e e et e e e eet e e e e eeeeeeee e eeeenneeeeennnneeeens 33
3.2. SOFTWARE AND DATA ACQUIREMENT ..vvvieiiiitiieeeiirreeeserreeeessvreeeesennneeessnens 33
3.3. BACKGROUND INFORMATION . ...utttutiteeetterttssiasseessstesssssnnnssesesssesssssnssesesseesnns 35
3.3.1. Basic Data and Characteristics of the Area........cccvveveeiiieeecieeeeee e 36
3.3.2. (O 11000 (=TT TRRRRTRRRT 36
3.3.3. Water BalanCe OF the ATCa ......coovveeeeeeeeeeee ettt r e e 37



3.34. Characteristics of Water Supply and Sanitation............c.ccccceeveveeiieiiennenne. 38

3.3.5. Population and Land use Projections ..........cccccoerereieinieninenene e 38
3.3.6. Water Quality ReqUIrEMENT..........oovie e 38
3.4. PLANNING OF WASTEWATER REUSE PROJECTS.....uvvviiieieeeiiiiiirreeeeeeeesesnnnnnes 39
3.4.1. Wastewater Generation ProjeCtions .........c.ccccevvevevieieeieciee s 39
3.4.2. Future Water Balance With REUSE .........cceevciiicie e 39
3.4.3. Sanitation System in Urban and Rural Areas in Sana’a Basin................... 40
3.4.4. Selected Sub Basins for Use of Available Treated Water...........c.cccocu..... 40
3.4.5. Irrigation Water REQUITEMENTS .........cviiiiiiiieieicee e 41
3.4.6. Irrigation SYSIEM ......ocuiiicic it s 41
3.4.7. Economic ASSeSSMENt OF REUSE..........covviiiiiieiiie e 42
3.5. CHANGING THE LOCATION OF THE NEW WWTP ... 43
CHAPTER 4 : STUDY AREA ...t 45
4.1. 007y 1 (0] N PSSR 45
4.2. POPULATION <.ttt ettt et e e e e s st e e e e e e e e s e satabaae e e e e e e e e eannrrees 46
4.3. GEOLOGY OF THE BASIN ...uviiiiiiiiiee ettt ettt 48
44, POTENTIAL INFILTRATION MAP ....cooiiiiitiiieiee ettt 51
4.4.1. Artificial Recharge in the VUICANICS ........ccccceeveveiiiiccece e 52
4.4.2. Artificial Recharge in the Tawilah ..., 52
4.4.3. Acrtificial Recharge and Pollution in the Alluvium...........c.ccccooiviiieiieinns 52
4.5, LAND USE ... ittt e ettt e e e e e e e s e st bre e e e e e e e e s s sanaeeees 54
4.6. WATER RESOURCES. ... .o iiiiiie et 57
4.6.1. Y 1 T0] (0] (oo VAR SRS 57
4.6.1.1. Temperature, Humidity and Wind 57
4.6.1.2. Precipitation 57
4.6.1.3. Evapotranspiration 58
4.6.2. SUIMACE WALET ...ttt ettt ettt e e rte e sre e sbe e e sabe e sbeeans 58
4.6.2.1. Runoff 58
4.6.2.2. Surface Water Utilization 58
4.6.3. GrOUNAWAELET .....cvtiiiceie ettt ettt re e e be e e sabe e sreeans 59
4.6.3.1. Recharge 59
4.6.3.2. Groundwater Storage 59
4.6.4. WaaLer SUPPIY .o e e 60
4.6.5. IrFIQAtion WALEE .....c.voieciece et 60
4.7, SANA’A BASIN WATER BALANCE ..vvviiiiiiciccccitiee et sinb e 60
4.7.1. Future Scenario and Expected Period of Usable Groundwater Resources in
[ T I or e =T o RO 60
4.8. TREATED WASTEWATER ..tttiiiieee i ettt e e e e e s eeitttree e e e e e e s s snataaeneea e e s s snnnranneeeeens 63
CHAPTER 5 : RESULT AND INTERPRETATION ......ocoiiiiieiiieee e 65
5.1. INTRODUCTION . ....eeitiiittttieteeeeessseitbrrereeeessssasssrbseeeseeessssssbarsreseseesssaasrsreseeees 65
5.2. WASTEWATER GENERATION PROJECTIONS ....cuvviiiiiieeeeiiiitirrreeeeeeesssinrrneeeeeens 65
5.3. SANITATION SYSTEM IN SANA’ABASIN.....cociiiiiiiiii e 67
5.3.1. Sanitation System N Urban Areas..........cocooerereieieiiiininenee s 67
5.3.2. Sanitation System in RUFal Ar€as.........cccceveiveviie e 69
5.4. ASSESSING WATER BALANCE WITH REUSE.......uvviiiiieiii e 71
5.5. PLANNING FOR DISTRIBUTION OF TREATED WASTEWATER ......cccveeeeerinnnnnee. 72



5.5.1. GrOUNAWALEE USE......eeeeeeeeeeeeee ettt et e e et e e e et e e e et e e e neeeeean 72

5.5.2. Proposed Sub Basins for the Reuse of Available Treated Water ............... 73
55.3. Delineation and Mapping of Potential Agricultural Areas.............c.coc...... 77
5.5.4. AGFICUITUIAL CrOPS...covviiiiceie et 78
5.5.5. Irrigation Water REQUITEMENTS.........cviiiiriieieieeee e 79
5.6. IRRIGATION SYSTEM....utiiieiiiiiieeeiitiieeessitieseesssteeeesasssesaessnssesesssnsaeeseassssneessnssns 85
5.6.1. Scenarios for Reuse of Treated Wastewater in the Study Area.................. 85
5.6.2. Hydraulic design of the irrigation SyStemMS..........ccccevvveeve i i, 87
5.6.2.1. Design of the Gravity Pipeline from the Existing WWTP to 9 (W. Bani Hawat) 88
5.6.2.2. Design of the Pressurized Pipeline to Sana’a City from Existing WWTP 91

5.6.2.3. First Alternative from New WWTP: Design of the Gravity Pipeline to Wadi 3 (W. Al
Kharid) 93

5.6.2.4. First Alternative: Design of the Pressurized Pipeline to Wadi’s 9, 11, and 12 (W. Bani
Hawat, W. as Sirr, W. al Furs & Rijam) 95

5.6.2.5. Second Alternative: Design of the Pressurized Pipeline to Wadi’s 8, 13 (8.W. Yahis &
Al Huggah, 13.W.al Igbal & ash Sha'b) 97
5.6.2.6. Second Alternative: Design of the Pressurized Pipeline to Wadi 9 (W. Bani Hawat) 99
5.7. ECONOMIC ASSESSMENT OF REUSE ......uvviiiiiieiiiie it 100
5.7.1. ECONOMIC ANAIYSIS....ccviiviiiicic i 100
5.7.2. CroP DUAGEL ... 103
5.8. STUDY OF THE FUTURE WWTP SITE ...oviiiiie e 105
CHAPTER 6 : CONCLUSIONS AND RECOMMENDATIONS ......ccccoviiviiiiens 113
6.1. SUMMARY eeeiieeesiiteasitee ettt et abea e st e et e e aste e e sbb e e e nse e e e bbe e enbeeesnbeeeanbeeennneas 113
6.2. CONCLUSIONS ...ttt sttt etee sttt ettt et et st e asbeesbeeambeesbeeenbeenneeanbeennee s 114
6.3. RECOMMENDATIONS .....titeitieesitee et ettt et e e stb e s e eesbe e e ssbe e e ssneeesnneeea 115
REFERENGCES ...ttt st e e st e e e e e ae e e e e e nnneeeenes 116
APPENDIX A: SCHEMATIC SKETCHES AND GROUND LEVEL................. 120
APPENDIX B: HYDRAULIC DESIGN &CAPITAL COST ...ccoovveieeeeieeeeee, 136
APPENDIX C: FIELD VISIT & PHOTOGRAPHIC IMAGE ........cccccooviviiiene 159



List of Tables

Table 2-1: Categories of water reuse applications (U.S.EPA, 2012) ..........cccccvvvveirrennene. 7
Table 2-2: Advantages and disadvantages of water reuse for irrigation (Lazarova

EL AL, R.2004) ...ttt bbbt 9
Table 2-3: Summary national experience in reuse projects in some selected

COUNEFIES 1N the WOTTO ..o s 13
Table 2-4: Recommended treatment schemes as a function of wastewater reuse
APPIICALIONS. ...t nr e ra e reere e e are s 16
Table 2-5: Summary of water quality parameters of concern in water reuse

regulations and guidelines for irrigation (Lazarovaetal., R. 2004)..........cccccoeevvvinnnne. 20
Table 2-6: Guidelines for safe use of wastewater in agriculture (WHO, 1989)............. 21
Table 2-7: U.S. EPA guidelines for reuse of municipal wastewater (2004) ................. 22
Table 2-8: Saudi standards (MMRA, 2003 & MWE, 2006) maximum allowable
contaminant levels in restricted and unrestricted irrigation waters. ............ccccceevvevvenenn 25
Table 2.9: Allowable limits for wastewater in Jordon (MWI 2006) ............ccocevvrrrnnnne. 27
Table 2-10: Egyptian code (501/2005) for the reuse of treated wastewater in

ATTCUITUTE ...t b bttt bbbt b e 27
Table 2-11: Code for treated wastewater classes to be used in irrigation ...................... 28
Table 2-12: Summary of water quality parameters of concern for water reuse in
agriculture (Secondary EffIUENTS)........ccooiiiiiiii e 29
Table 3-1: The main criteria to find the most optimal sites for sewage treatment

0] - g SO SSTS 44
Table 4-1: Population forecast for urban areas by district and limited growth.............. 46
Table 4-2: Population forecast for rural areas by district and limited growth................ 47
Table 4-3: Proposed legend of geological map Sana’a Basin..........cccccceevvienvniienennnnns 51
Table 4-4: Detailed information about land use and cropping pattern in Sana’a

SUD BaSINS (GAF, 2007) .....eeiiiiieitisiese ettt 56
Table 4-5: Monthly rainfalls in Sana’a Basin (JICA) ......ccccccovveieiieii e 57
Table 4-6: Evapotranspiration in (mm/day) at Sana’a airport meteorological

1 L[] ST PSPPI 58
Table 4-7: Recharge to groundwater in each sub Basin...........cccoccvvveiiiveiinnenie e 59
Table 4-8: Water balance for Sana’a Basin for the period (2010-2020) .........cc.ccevenene. 60
Table 4-9: Future scenarios based on socio-economy and water demand in Sana’a

BaaSIN .ttt bt b bt re e ne e 62
Table 5-1: Wastewater flow projections (2015 — 2040) in urban areas (m*/day) .......... 65
Table 5-2: Wastewater flow projections (2015 — 2040) in rural areas (m3/day) ........... 66
Table 5-3: Wastewater quantities generated from districts which are connected

with the existing and the proposed new treatment plants.............ccccoceveveiieieccecnee, 67
Table 5-4: Expected period of usable groundwater resources in each scenario............. 71
Table 5-5: Irrigated areas in Sana’a Basin by sub-Basins............cccccoveveviiieniecieiiennnn 77
Table 5-6: Current crop pattern and rotation............cocoevireninieieiesee s 79
Table 5-7: Current mixed crop pattern and rotation............c.ccoeveveiieiieieciese e 79
Table 5-8: Evapotranspiration in Sana’a Basin using CROPWAT .........cccccvivieiiiennns 80
Table 5-9: The total daily water requirements with applying the cultivated area

ratio in the current status (M day/ Na) ...........covueveeeveeriesrisreeeeses s 80
Table 5-10: The proposed mixed crops rotation in the study area..............ccceceevveivenens 81



Table 5-11: The monthly water requirements for the proposed mixed crops

rotation (MM/ MONEN/ NQ)........ooiiiiiieiie e 82
Table 5-12: The total daily water requirements after applying the cultivated area

FALI0 TOF ACKH CIOP ... ettt ettt e et r e e e 82
Table 5-13: Summarized scenarios for reuse in Sana’a Basin ...........c.ccoecvvvverveieiinnnns 86
Table 5-14: Design of the gravity pipeline to Wadi 9 (W. Bani Hawat) under

reuse from exiStiNg WW TP ....cuvi ettt 89
Table 5-15: Design summary of the pressurized pipeline to Sana’a ity ...........cc.coeuee. 92
Table 5-16: Design of the gravity pipeline to Wadi 3 (W. Al Kharid) ...........cccccccvenen. 94
Table 5-17: Design summary of the pressurized pipeline to Wadi’s (9, 11, 12)............ 96
Table 5-18: Design summary of the pressurized pipeline to Wadi’s (8 , 13).....cccceenu... 98
Table 5-19: Design summary of the pressurized pipeline to Wadi’s (9).......ccccceveeneee. 100
Table 5-20: Summarized results of the economic and financial analysis for

AITFErENT FEUSE SCENAITOS ... e siie ittt sttt sbe e nrs 101
Table 5-21: Crop budget for cultivated area by gravity pipeline from existing

WWTP toward north t0 Wadi 9..........coueiiiiiii e 103
Table 5-22: Crop budget for cultivated area by gravity pipeline from new WWTP
toward Wadi 3 under first alternative...........ccooeieiiiiiien 103
Table 5-23: Crop budget for cultivated area by Pressurized pipeline from new

WWTP to Wadi’s (9, 11, 12) under first alternative ............ccceeeeriiiniiiiienie e 104
Table 5-24: Crop budget for cultivated area by Pressurized pipeline from new

WWTP to Wadi’s (8, 13) under second alternative ...........cccceeveereienieniieenicnieeseee 104
Table 5.25: Information about alternative sites for the proposed new WWTP............. 105
Table A-1: Description of the main and sub-main paths from existing WWTP to

ground 1reservoirs 1N SANA’A CILY ...oooviiiieiiiiieiee e 122
Table A-2: Description of the main and sub-main paths from new WWTP to

junction demands in Wadi's (9, 11, 12) under first alternative for reuse ..................... 125
Table A-3: Description of the main and sub-main paths from new WWTP to

resServoirs iN Wadi's (8, 13)....cuoiieiiieiisieseeee e 129
Table A-4: Description of the main and sub-main from new WWTP to junction
demands in Wadi's (9) under second alternative for reuse..........ccoccvvvereerieieernseenne 134
Table B-1: Material of pipes, Normal diameter, Minimum pipe pressure rating......... 136
Table B-2: Hazen - Williams roughness CoeffiCient ...........ccocovvieniiinc i 137
Table B-3: Capital cost of the gravity pipeline from existing WWTP towards

WWAHTD ..ttt bbbt b et bbbttt 138
Table B-4: Capital cost of the pressurized pipeline from existing WWTP to

SANA A CIEY 1vvvieitiiee ittt e et e et et e e b bt e bbb e ab e e e e e ae e 140
Table B-5: Capital cost of the pressurized pipeline from new WWTP to Wadi’s

(9, 11, 12) under first alternNatiVe ..........ccoveieieeie s 140
Table B-6: Capital cost of the gravity pipeline from new WWTP towards Wadi 3

UNAEr FIrSt AlTEIMALIVE.........eiieiiiee e 141
Table B-7: Capital cost of the pressurized pipeline from new WWTP to Wadi’s

(8, 13) under Second AltEINALIVE ........cccvevieeieiieii e ns 141
Table B-8: Capital cost of the pressurized pipeline from new WWTP to Wadi’s

(9) under secoNd AILEINALIVE .......ccuveieiieie e 142
Table B-9: JUNCLION ALA..........coiueiieiieiesie e 142
Table B-10: RESEIVOIT UAA. .......cceiiriiriiiiiiieieie e 143
Table B-11: PUMP QALA.......coiiiieiieiieeie e 144
Table B-12: PIPE UALA.......cccueiieieiiecieeie ettt e e sre e 145
Table C-1: The influent and effluent treated wastewater from Exiting WWTP .......... 159

Vi



List of Figures

Figure 1-1: Map showing the location of Sana’a Basin within Yemen ............cc.ccceuennen. 1
Figure 2-1: Status of wastewater reuse in selected European countries (Wintgens

BL AL, 2006). ...cieeiecieie et e e e a et e e re e nras 6
Figure 2-2: Wastewater overview in near east (Namiiro, 2012) ........cccccoecvvvnvrvnneinnnnns 6
Figure 2-3: Wastewater overview in Latin America (Namiiro, 2012) ..........ccccceevveiiennene 7
Figure 2-4: General structure proposed for feasibility studies on water reuse

(STIPAlA, 2003) ...ttt a e e ae e e reene e 17
Figure 2.5: General structure proposed for feasibility studies on water reuse
(AQUAREQC, 2006) ....veveveereeriesieiesiestestessessesseasessesssessessessessessessesssessessessessessessessesensens 18
Figure 3-1: DEM in Sana’a Basin .........ccccueiieiiiiinienieiesi e 34
Figure 3-2: Satellite image in Sana’a Basin ...........cocoeieiiiieniiiienencs s 35
Figure 3-3: Climate data at Sana’a station using CLIMWAT.........cccccoiininiiinninnnn. 37
Figure 4-1: Map of Sana’a BasiN..........cccccvueiieiiiiieiicic e 45
Figure 4-2: The Sana’a city within Sub Basin ...........c.ccocviviiiiiiiiiieeee 46
Figure 4-3: Population forecasting for Sana’a Basin in urban and rural areas............... 48
Figure 4-4 Geological map of Sana’a Basin (SAWAS, 1996).........ccccceeeririeniininninnnnnn. 49
Figure 4-5: Geological map of Sana’a Basin (GAF 2007).......ccccccvveveiiereeiiesiese e 50
Figure 4-6: Potential infiltration map of the Sana’a Basin..........cc.ccocecvvivieviincncinnnenn 53
Figure 4-7: Artificial recharge and pollution in the alluvium ...........c..cccoov i 54
Figure 4-8: Land use in Sana’a BasiN..........ccccciiiiiiiiniiiiiece e 55
Figure 4-9: The ratio of the cropping patterns from acreage irrigated..............ccc.c....... 55
Figure 4-10: Meteorological data (means of 1983-1990) Sana’a Basin

(JICAZ2007) ettt bbbttt bbbttt b e bt s et e b e bt sbenbeeneeneeneas 57
Figure 4-11: Expected period of usable groundwater resources in each scenario ........ 61
Figure 4-12: Satellite image of the locations of the existing WWTP and proposed

NEW WWVTP et b e e e e e b e e enne e e e 64
Figure 5-1: Wastewater flow projections from year 2015 to year 2040 in urban

AN TUFAL BIBAS. ... ettt sttt et e s et e e teeseeebeesbeeneesreenbeeneeaneennens 66
Figure 5.2 Urban areas which are connected to the existing and the proposed new
TreatMENT PIANTS ......eiii s 68
Figure 5-3: Spatial distributions for generated wastewater quantities from urban

areas at year 2040 (M3/AAY) .......cov.rvereereneeeeiesessssessses s sesse s s 68
Figure 5-4: Spatial distributions for generated wastewater quantities from rural

Areas at YEAI 2040 .........oii i 70
Figure 5-5: Expected period of usable groundwater resources with reuse of

treated wastewater from the year 2020 and constant recharge..........ccccocoevnvnieiinvinne. 72
Figure 5-6: Groundwater use in the sub Basins...........cccccvevveieiieie e 74
Figure 5-7: Groundwater abstraction and recharge in the sub Basins.............cc.cccco..... 74
Figure 5-8: Map of water balance in the Sub-Basins ..........ccccccoevviiiiieene i 75
Figure 5-9: Proposed sub-Basins for the distribution of treated wastewater.................. 76
Figure 5-10: Spatial distributions of the agricultural areas in Sana’a Basin................... 77
Figure 5-11: The total daily water requirements with applying the cultivated area

Fatio IN the CUMTENT SLATUS ......eoveieieiee e 81
Figure 5-12: The total monthly water requirements for the modified cropping

QLU (=] [ TR UPP PR 83

vii



Figure 5-13: Mass curve of water requirement for cropping pattern and available

treated OF WASTEWALET ........ociiiieeie ettt et nne s 83
Figure 5-14: Spatial distributions of water demands for agricultural areas ................... 84
Figure 5-15: First alternative for reuse of treated wastewater in Sana’a Basin.............. 86
Figure 5-16: Second alternative for reuse of treated wastewater in Sana’a Basin......... 87
Figure 5-17: Served areas, main pipe line and selected water intake to Wadi 9 (W.

Bani Hawat) under reuse from eXiSting WWTP.........ccccoviieiii i 88
Figure 5-18: Schematic sketches of the pressurized pipeline irrigation system to

Sana’a city (Under reuse from existing WWTP) ..o 91

Figure 5-19: Input network of the pressurized system to WaterCad to Sana’a city........ 92
Figure 5-20: Served areas, main pipe line and selected water intakes from new

WWTP to Wadi 3 (First alternative) ..........cccooieiieiiiieiieececeee e 93
Figure 5-21: Schematic sketches of the pressurized pipeline irrigation system to

Wadi’s 9, 11, and 12 (First alternative reuse from new WWTP).........ccoceiiiiiiiiinnnns 95
Figure 5-22: Input network of the pressurized system to WaterCad to Wadi’s (9,

1 OSSPSR 96
Figure 5.23 Schematic sketches of the pressurized pipeline irrigation system to

Wadi’s 8, 13 (Second alternative reuse from new WWTP) ........coccoiiiiiiiiiiiniiiinns 97
Figure 5-24: Input network of the pressurized system to WaterCad to Wadi’s (8,

G ) TSP 98
Figure 5-25: Schematic sketches of the pressurized pipeline irrigation system to

Wadi’s 9 (Second alternative from new WWTP).........ccoooiiiiiiiiiieeee 99
Figure 5-26: Input network of the pressurized system to WaterCad to Wadi’s (9) ....... 99
Figure 5-27: Proposed alternative sites for the WWTP........ccccccooiviiiiieic e, 107
Figure 5-28: Map of main regional roads, built area the city of Sana’a and

surrounding agriCUltural @reas ..........cveiveiiie i 108
Figure 5-29: Slope map in Sana’a Basin .........ccccooeriieniiiiinieicee s 109
Figure 5-30: Altitude map in Sana’a Basin ...........ccccoveiiiiiiiiiieeee s 110
Figure 5-31: Contour map in Sana’a Basin ..........ccoceveriiinininieieeese s 111
Figure 5-32: Hillshed and flow direction map in Sana Basin ...........ccccccceveiiieeiieeinnnnn, 112
Figure A-1: The proposed path under scenario for reuse from existing WWTP

towards north (part of Wadi 9) ........ccoeiiiiiiiiec e 120
Figure A-2: Ground level for the proposed path under scenario for reuse from

existing WWTP towards north (part of Wadi 9) .........ccceveiiiiniiiieeeeeee e 120
Figure A-3: A schematic diagram showing the pipe network from existing

WWTP to proposed reservoirs i SANA A ......cccveieiiiiiiiiieeiieie e 121

Figure A-5: Ground level for the first path from existing WWTP to Sana’a City....... 122
Figure A-6: Ground level for the second path from existing WWTP to Sana’a

(O TSSO UP PSPPSR 123
Figure A-7: Ground level for the third path from existing WWTP to Sana’a City......123
Figure A-8: Ground level for the fourth path from existing WWTP to Sana’a City....124
Figure A-9: Ground level for the fifth path from existing WWTP to Sana’a City ......124
Figure A-10: Schematic sketch for the main and sub-main paths to conveying

treated wastewater from new WWTP to Wadi’s (9, 11, 12) under first alternative

0 =TS PSSR 125
Figure A-11: Ground level for the first path from new WWTP to Wadi's (9, 11,

1 OSSR SRS 126
Figure A-12: Ground level for the second path from new WWTP to Wadi's (9, 11,

1 OSSR SRS 126

viii



Figure A-13: Ground level for the third path from new WWTP to Wadi's (9, 11,

L) ettt ettt ettt ettt 127
Figure A-14: Ground level for the fourth path from new WWTP to Wadi's (9, 11,

L) ettt ettt ettt et ettt ettt 127
Figure A-15: The proposed path for gravity pipeline or open channel under first
alternative for reuse from NEW WWTP ..o s 128
Figure A-16: Ground level for the proposed path to Wadi 3 under first alternative

fOr reuse from NEW WWWTP .....ooiiiiececece ettt 128

Figure A-17: Schematic sketch for the main and sub-main paths to conveying
treated wastewater from new WWTP to Wadi’s (8, 13) under second alternative

OF FBUSE. ettt bbb bbb bbb bbbt re s 129
Figure A-18: Ground level for the first path from new WWTP to Wadi's (8, 13)........ 130
Figure A-19: Ground level for the second path from new WWTP to Wadi's (8,

G ) USRS 130
Figure A-20: Ground level for the third path from new WWTP to Wadi's (8, 13)......131
Figure A-21: Ground level for the fourth path from new WWTP to Wadi's (8, 13)....131
Figure A-22: Ground level for the fifth path from new WWTP to Wadi's (8, 13)....... 132
Figure A-23: Ground level for the sixth path from new WWTP to Wadi's (8, 13)......132
Figure A-24: Ground level for the seventh path from new WWTP to Wadi's (8,

G ) PSSR PRRS 133

Figure A-25: Schematic sketch for the main and sub-main paths to conveying
treated wastewater from new WWTP to part of Wadi’s (9) under second

AILEINALIVE OF FUSE. ...vieeii ettt et re e teene e sneenaeeneenren 133
Figure A-26: Ground level for the first path from new WWTP to Wadi's (9)............. 134
Figure A-27: Ground level for the second path from new WWTP to Wadi's (9) ........ 135
Figure A-28: Ground level for the third path from new WWTP to Wadi's (9)............ 135
Figure B-1: Hydraulic grade profile for the first path to Sana’a city from existing

L A AT I RSP PRPRPRPRPR 149
FigureB-2: Hydraulic grade profile for the second path to Sana’a city from

EXISLING WWVTP Lttt e e e be e enae e naeeaneas 149
Figure B-3: Hydraulic grade profile for the third path to Sana’a city from existing

L A AT I RSP PRPRPRPRPR 150
Figure B-4: Hydraulic grade profile for the fourth path to Sana’a city from

EXISTING WWVTP .ottt ettt ettt et et sbe et neenrs 150
Figure B-5: Hydraulic grade profile for the fifth path to Sana’a city from existing

LA A AT I RSO RPUTRPRPRPRRR 151
Figure B-6: Hydraulic grade profile for the first path to Wadi 9, 11,12 (first

alternative for reuse from NEW WWTP) ....ccooiiiiiiie e s 151
Figure B-7: Hydraulic grade profile for the second path to Wadi 9, 11,12 (first
alternative for reuse from NEW WWTP) ......cooviiiiiiic e 152
Figure B-8: Hydraulic grade profile for the third path to Wadi 9, 11,12 (first

alternative for reuse from NEW WWTP) ......cooviiiiiiii it 152
Figure B-9: Hydraulic grade profile for the fourth path to Wadi 9, 11,12 (first
alternative for reuse from NEW WWTP) ......cooiiiiiiiic e 153
Figure B-10: Hydraulic grade profile for the first path to Wadi 8, 13 (second

alternative for reuse from NEW WWTP) ......oooiiiiiiiiiceee e 153
Figure B-11: Hydraulic grade profile for the second path to Wadi 8, 13 (second
alternative for reuse from NEW WWTP) ......oooiiiiiiiiiceee e 154
Figure B-12: Hydraulic grade profile for the third path to Wadi 8, 13 (second
alternative for reuse from NEW WWTP) ......oooiiiiiiiiiceee e 154



Figure B-13: Hydraulic grade profile for the fourth path to Wadi 8, 13 (second

alternative for reuse from NEW WWTP) ....ccooiiiiiiiie s 155
Figure B-14: Hydraulic grade profile for the fifth path to Wadi 8, 13 (second

alternative for reuse from NEW WWTP) ....cc.ooiiiiiiie e 155
Figure B-15: Hydraulic grade profile for the sixth path to Wadi 8, 13 (second
alternative for reuse from NEW WWTP) .....coiiiiiiiie s 156
Figure B-16: Hydraulic grade profile for the seventh path to Wadi 8, 13 (second
alternative for reuse from NEW WWTP) ....ccooiiiiiiie e 156
Figure B-17: Hydraulic grade profile for the first path to Wadi 9 (second

alternative for reuse from NEW WWTP) ....cc.ooiiiiiiiie e s 157
Figure B-18: Hydraulic grade profile for the second path to Wadi 9 (second

alternative for reuse from NEW WWTP) .....c.ooiiiiiiiie s 157
Figure B-19: Hydraulic grade profile for the third path to Wadi 9 (second

alternative for reuse from NEW WWTP) .......coviiiiiiii e 158
Figure C-1: Existing WWTP Water and Sludge Units (Adopted From Consul

Aqua Hamburg, 2005) ........ooiiiiieiie e 159
Figure C-2: Google earth picture showing the general layout of the existing

L A AT I RSP PRPRPRPRPR 160
Figure C-3: Description of the components of the existing WWTP ..........cccccoovvvnnnne. 162
Figure C-4: Treated WaSteWater PASSAJE .......ccvveeireiiieeiiieeiieestee e e stee e sreesaeesree e 162
Figure C-5: Alfalfa crops irrigated by WaSteWater ............ccoovvveieienenene e 163
Figure C-6: Figs crops irrigated by WasteWater ............cccoovevieiiieiiie e 163
Figure C-7: Some vegetables irrigated by Wastewater ............cccoeveveierenineninesnes 164
Figure C-8: Barley crops irrigated by wasteWater...........ccccovveiieenieiiienie e 164
Figure C-9: Direct pumping of wastewater from some swamps to farms.................... 165
Figure C-10: Passage channel of treated wastewater and direct pumping................... 165
Figure C-11: Dug wells near the passage channel of Sewage .........cccocevevvrenirennne 166
Figure C-12: Some man-made ponds used for irrigation near passage channel .......... 166
Figure C-13: The effect of irrigation with sewage on Soil .........cccccoovveiiiiiiiiiinne 167
Figure C-14: The effect of irrigation with wastewater on some vegetables................. 167

Figure C-15: The proposed site for new WWTP 15 km north of existing WWTP.....168
Figure C-16: Harvesting water dams affected by sewage after 15 km through
PASSAQE CNANNEN .....c.oiieieiieee e nrs 168



BOD
CLIMWAT

COD
EIA
EPA
FC
TSS
USAID

WASP

WWTP
GIS
DPPR

ETa

FAO
JICA
MAI
MWE
NWRA
NWRA-SB
NWSA
SBWMP
SWSLC
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Nomenclature

Biological oxygen demand (mg/l)

Climatic database to be used in calculation of crop water
requirements, irrigation supply and irrigation scheduling for
various crops for a range of climatological stations worldwide.
Chemical oxygen demand

Environmental impact assessment

US Environmental Protection Agency

Fecal Coliform

Total Suspended Solids

U.S. Agency for International Development

Water Quality Analysis and Simulation Program

Wastewater Treatment plant

Geographic Information System

(The third Socio-Economic) Development Plan for Poverty
Reduction

Actual Evapotranspiration

Food and Agriculture Organization of the United Nations
Japan International Cooperation Agency

Ministry of Agriculture and Irrigation

Ministry of Water and Environment

National Water Resources Authority

National Water Resources Authority Sana’a Branch
National Water and Sanitation Authority

Sana’a Basin Water Management Project

Sana’a Water Supply and Sanitation Local Corporation
Sana’a University Water and Environment Centre

World Health Organization

United State Environmental Protection Agency
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