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ABSTRACT

This report summarizes information on practices of wastewater reuse
for agriculture in developing and developed countries around the world and
reviews the' public health and technological aspects of' irrigation with
wastewater. It evaluates the potential health effects from such reuse and
proposes effective and economic methods of control that are particularly
suited to developing countries.

A theoretical model is developed, based on a review of available
credible epidemiological studies and reports, to assist in predicting the
degree of risk of disease transmission associated with various wastewater
reuse practices, The empirical evidence and the model suggest that the
highest risk of pathogen transmission, infection, and sickness is associated
with the helminths, followed in order by bacterial infections and last by
viral infections. The model provides a basis for evaluating control options.

Although certain health risks are clearly associated with the use of
raw wastewater in agriculture, the epidemiological evidence assembled for this
study also suggests that the very stringent wastewater irrigation standards
developed in many of the industrialized countries are overly restrictive.
This study suggests a guideline for unrestricted wastewater irrigation based
on an effluent with less than one nematode egg (Ascaris or Trichuris) per
liter and a geometric mean fecal coliform concentration of 1,000/100 ml.

Technological and policy options for reducing and controlling any
health risks of wastewater reuse in agriculture are evaluated here. In
particular, multicell stabilization ponds with 20 days' detention time
effectively remove bacterial, viral, and helminth pathogens in a low-cost,
robust, easy-to-operate system that is especially suitable for developing
countries. Appropriate wastewater treatment in combination with controlled
irrigation techniques and restrictive cropping practices represent effective
remedial measures.

This study provides a rational basis for the development of a sound
economic approach to wastewater irrigation in developing countries. Such an
approach helps to conserve water and nutrient resources, promotes agricultural
development, and contributes to pollution control.
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FOREWORD

In 1981, a three-year Global Research and Development Project on
Integrated Resource Recovery (Waste Recycling) was initiated as Project
GLO/80/004 by the United Nations Development Programme through its Division
for Global and Interregional Projects. The World Bank, through its Water
Supply and Urban Development Department (WUD), agreed to act as executing
agency,

The primary project goal is to achieve economic and social benefits
through sustainable resource recovery activities in the developing countries
by recycling and reusing solid and liquid wastes from municipal and commercial
sources.

Increasing recognition of the need for technical and economic effi-
ciency in allocating and utilizing resources and the role that appropriate
recycling can play in the water and sanitation sector have led this project to
be included in the formal activities of the United Nations International
Drinking Water Supply and Sanitation Decade. The reuse of domestic wastewater
and the recycling of other human wastes in agriculture can produce significant
economic benefits and help defray the large costs of municipal waste manage-
ment.

The recycling of human wastes to add nutrients to, and improve the
physical quality of, the soil is an ancient practice. In its modern form, the
reuse of wastewater effluents for irrigation of crops offers attractive
benefits, such as increasing water supplies for productive agricultural use,
adding valuable fertilizers and micronutrients to maintain soil fertility, and
reducing pollution of surface water sources.

Possible negative effects to people who consume edible crops con-
taminated by uncontrolled wastewater irrigation practices or to farmers who
are directly exposed to wastewater irrigation have to be carefully evaluated
so that remedial measures can be taken to assure that the public reaps the
full benefits from a water recycling development with a minimum risk.

This report identifies the known, credible, quantifiable health
effects, particularly for conditions relevant to developing countries, and
presents the recommended specific remedial measures as the main operational
outputs. The study has been carried out for the World Bank/UNDP by Hillel
Shuval under the guidance of Charles Gunnerson.

Comments and remarks on this report are most welcome.
S. Arlosoroff, Chief

Applied Technology (WUD)
UNDP Projects Manager






- ix -

CONTENTS

List Of Tables seeeeeesoecsscssssassassesscsanssesnssssssssssscssssnsnss XV
List Of FigUres cecececeacecscsscsscosnsecsasosoncssonsnansasscssnssss XX
Preface and Acknowledgments ..cceeeessessesscccssscaesscnassconsossnnse XXV
List of Terms and Abbreviations .eeesesscsssessscseasosscsssesscsssssees XXIiX

Chapter 1 Historical, Present, and Potential Reuse of Wastewater in
Agriculture S 0 0 G0 500008 S0 0000 G ESON OISO RDTONSSEORE PRI O EONEOYRODS 1

Early Major Wastewater Irrigation Projects .eeececesesencccsacsss
Present Status of Interest in Wastewater REUSE ..cscessccscsscsee
Examples of Current Wastewater Reuse Practices in
Agriculture around the World cceceseceecsscccesossossossencsnnsa
United Kingdom .eseeecevescsccacocaccasosasassssascsnvesossancsnce
United StALE@S cacessescescssstooscscctnssnssnnsscssassacsossansse

o=

Israel 9 0 0 0889000000 EEB LTG0 G I TIEOREPIIONIOILEDEONIENSLOEBDBLIOGEOEEOSEBSEOEDS

India ® P 0000000000080 000 0t RIertEsPesNPltIRPRsERERROstee

Federal Republic Of Germany ceceeeececscesescseccssnsccassssnces
Latin AMEricCa cescesccossoncosansssssssssssesssasenssssssccnosa
Republic of South Africa ceeeeecessecsccssscrsscscsanscncnnnses
North Africa and the Middle EaSt c.eeeeveccesesscsccassncassnons
Central AfriCa vesescesscesccasooncssanscsosssnsssonsscssscsscccss
SOUtheast ASI1A seevesessscssassscsrocsssersesvossscsssssccssannns
JAPAN coeeeecccccoscasscacecsnassscssacosssscacscstsnssnsesasse
SOVIiet UNION eseeossccoassssoncasasssansaseonssesnscssasscscsnance
China C....l..‘I.ll.l0....‘....‘..‘..'....'IIO...‘..O..OOO‘I..‘.

Australia 85 000 PSP LCEI 0L COLELB OISO ESOIEOESENIISIGESEOGEOESIOEBPEROSDN

Future Trends in Wastewater Reuse in Agriculture c.cececececcscss

O S I R S v e e Sl =
OO~ NSNS WN OO 00

Chapter 2 Enteric Pathogens in Wastewater and Their Survival
in soil’ ctops’ and in the Air ® 0820 000 0 0¢SOS T OO TOELNEOT SOOI ESS 27

Pathogens in EXCreta ssceceescosscncsosersnsssccesccasnsacsssssassan 27
ViTUSES scevcoscssssvonnessartsnnssosaosnsosossssssasssasassanesas 27
BACLEIr1aA ceesssessasasssosccscssoscssoscsstsssssssssssaossscsssns 29
PrOtOZ08 seeoocosonsonstssnsssstsorscsnsssssscsassnssnscscsussoscsa 31
HelmiNthsS eceseescsccssscssessossosssosessnssscsssssscssosssoasssss 31

Survival of Indicators and Pathogens .eeeconcesscescsssccasocscas 33
In Feces’ Night Soil, and Sludge ® 6 8 00 9508 G0 0 E 0N SHCeseSL eI EBIERES 37

In Water and SEeWASE ccessccescvscsccansscsssscnsscssncssscnsscsss 37
In soil @& 0 08005 0095085008000 LOTEOEEOT OO I I OP O OE GO0 OIS ELLeN e NN 38
on Crops LI I IS I SR R R Y R Y N B AR B R R RN N R A R Y A N R Y N A N N W N I N W N I N ) 38

Overall Pathogen Removal Efficiency of Wastewater Processes .... 38
Dispersion of Aerosolized Enteric PathOgens .eeeeeceseescecescesse 43,
General Conclusions .-?..Q.'.....".‘.........I..l....-......O'.l 44



- Development of a Conceptual Epidemiological Approach .cecececcees
Excreted Load ceceecreecscocsessoncassssssosccssoscsnscsssnsons
LALENCY evseessoassosassssssasasaessosssssoassasssscssassaassnae
PErSiSLENCE sesesseasessssessscsssescasssasnsssssssosssssossons
MultiplicalbiOn sesesecescescososcoseossssossanosssosssasssscssose
Infective DOSE cosecessssscrnsssssnensnssesessassssssnsssascononasnae
HoSt ReSpONSE cecscesscssancssosssssenssssesssosssscssnosnssscns
Nonhuman HOSES seseecsesvsesosscooscssossestocscssoscsssansassos

Categories of Excreta~Related Infections sescecsccccsscosscansses
Proposed Model to Predict the Relative Effectiveness of
Pathogens in Causing Infections through Wastewater Irrigation

Chapter 3 Health Effects Associated with Wastewater Irrigation:
Early Reports, Opinions, and Policies ..eeeiveasesccssenscccnenoss

The Nineteenth Century 5 & 00 0000 8 ¢ PSS E OO OO S S EON A SECONONNESOOCGN OIS
First Half of the Twentieth Century seseseecsessccceassssacssaccns
More Recent Opinions and Statements Of POLICY eeeecesvesnccsascas

Chapter 4 Evaluation of Epidemiological Evidence of Human Health
Effects Associated with Wastewater Irrigation ...ccceesecescseses

Intervening Factors That Influence the Level of Environmentally
Transmitted Disease Associated with Wastewater Reuse eceeecce.
Criteria and Guidelines for Evaluating Epidemiological Studies ..
Epidemiological Studies on the Health Effects on the
General Population Consuming Edible Crops, Dairy
Products, or Meat Exposed to Wastewater Applications seeseosee
Ascariasis and Trichuriasis among Inmates
in Tara Prison, ESYPL ceceecssecscssasencssasssssssascsnssanse
Ascariasis in Darmstadt, GErmany eceecececcecccscssasascsacssssee
Epidemiological Evidence for Helminth Transmission by
Vegetables Irrigated with Wastewater in Jerusalem csceesscoces
Cholera Qutbreak in Jerusalem 1970--The Case for Transmission
by Wastewater-Irrigated Vegetables s.seeescasecceccocccannocss
Typhoid Fever and Sewage Irrigation in Santiago, Chile .ceseece.
Transmission of Disease to Humans by Meat or Dairy Products
from Cattle or Sheep Grazing on Wastewater-Irrigated Fields ..
Evaluation of Epidemiological Studies on the Health
Effects on Agricultural Workers Directly Exposed
to Contact with Wastewater Irrigation eeeessececesseassccsacsosns
Intestinal Parasitic Infections Associated with
Sewage Farm Workers—-INndia .seeeeecesssesesncasscescscsssccsascsne
The Epidemiological Significance of Urban Sewage in the
Spread of Possible Zooparasitic Infections .eeececscesscecccass
Sewage Workers' Syndrome .cesceccceccscsscccssosssessssccssonese
Disease Rates among Copenhagen's Sewer WOrkers ...eceeeccescscas
Health Risks of Human Exposure to Wastewater in Three Cities
of the United StateS eceeeccscsosvscscsecsosscsssscnassosssssasns

45
46
46
47
47
49
50
51
52

58
58

60
62

66

66
67
68

68
71

73

77
81

85

87
87
92
92
93

94



- x1 -

Evaluation of the Health Risks Associated with the
Treatment and Disposal of Municipal Wastewater and Sludge
at Muskegon, Michigan seeecesecsssssvsasessosesascsesnnasscansses 96
The Health of Sewage Treatment Plant Workers in Canada e.ceeces 98
Cholera Outbreak in Jerusalem, 1970: The Effects
on Wastewater-Irrigation WOrkers .eesveeccesssssesssssssssnssss 100
Wastewater Used in Agriculture That Causes Disease or
Infection in Nearby Nonagricultural Population GroupSeeessoecs. 100
The Use of Wastewater in Irrigation Distriect 03, Tula,
State of Hidalgo, MeXiCO sescesccesssescvsncevacssscnsescsaces 101
Use of Wastewater for Irrigation in District 03 and 88
and Tts Impact on Human Health, MexiCO sseveccacsscsossscnsess 102
Health Effects of Aerosols Emitted from an Activated
Sludge Plant, Skokie, T11linois «ceecescesssscscssossssessasass 104
Acute Illness Differences with Regard to Distance from the
Wastewater Treatment Plant in Tecumseh, Michigan .....cvces... 105
Health Effects from Wastewater Aerosols at a New Activated
Sludge Plant (John Egan Plant), Schaumburg, I11inois .eeeseees 105
Wastewater Aerosols and School-Attendance Monitoring at an
Advanced Wastewater Treatment Facility, Durham Plant,
Tigard, OregO0Nn .esecsssssosscsscssasssssscsssnccnsenccssonnones 107
An Evaluation of Potential Infectious Health Effects from
Sprinkler Application of Wastewater to Land, Lubbock, Texas .. 107
Risk of Communicable Disease Infection Associated with
Wastewater Irrigation in Agricultural Settlements in Israel .. 109
Health Risks Associated with Wastewater Utilization in
Agricultural Settlements in Israel: a Historical
Epidemiological Study eeeeeececceosnccsnsceasossssassssassssssssss 110
A Prospective Epidemiological Study in Agricultural Communi-
ties Exposed to Aerosols from Sprinkler Irrigation in Israel.. 112
General Conclusions as to Quantifiable Health Effects
Associated with Wastewater Irrigation, with Particular
Reference to the Developing Countries .eceseescssecsecssesssss 116
Potential Transmission of Other Diseases by Wastewater Irrigation 121
DiSCUSSION sessesssssessscasoneasesvnanennsnancsnsasssssssssosssass 123
Health and Economic Implications Associated with Diseases Found
To Be Transmitted by Irrigation with Raw Wastewater .......... 131
ASCAT1AS1S sevcovrsonsvossossssssrsasssssssssscccssncescsncsssaa 131
Trichuriasis seesseccsassccsesssssansssncscsasssensossoscnnssss 132
Ancylostomiasis (Hookworm Disease) .seeceeseoceecscsescnscucesessss 133
Taeniasis and Cysticercosis (Beef and Pork Tapeworm Disease) .. 135
ChOlera cceesecscesvessesncncssscscsssssconsocscsascsscsosacsnees 135
Typhoid FeVEer ceeeseccesesscccssccsssccssssaccssasscssasasncannses 136
Shigellosis (Bacillary DySentery) ceeececcecesscsssccsscscessess 136
Enteric VirusSes ceeessessscssecssssesccesssssscsasccnssessscsss 136
CONCluSionS seeessecssosscessssssssessscesssosascsasconscssssnsas 137



- xit -

Chapter 5 Wastewater Characteristics and Treatment for Irrigation...

Wastewater Characteristics and Problems in Irrigation
Systems Associated with Water QUAlity ceveeeceececccscncoaonns
General Characteristics Of SeWage .ceeesesscesesscocsscssesacsss
Irrigation System Problems Associated with Water Quality ......
Characteristics of Effluents from Conventional Wastewater
Treatment FAaCiliti@sS seveeeseencscccrsssconsssconssscssssannsns
Stabilization Ponds, Subsequent Treatments, and Effluent Quality
Water Quality in Wastewater Reservoirs for Agricultural Irriga-
tion (A Case Study: Naan Reservoir, Kibbutz Naan, Israel) ...
Parasite Removal through Wastewater Treatment ProcCessSes sesceesss
Concentration of Protozoans and Helminths in Wastewater .......
Removal of Parasites by Sedimentation <eesscsesscecccccsccccsss
Removal of Parasites by Conventional and Polishing Treatment ..
Removal of Parasites by Stabilization Ponds secessscoccoscceses
COSES eeocvacsteoscnacsasostsstasssasocascsassosscnetososssscsosasasse
Waste Stabilization Pond DeSigN seeececssasscssonscscccsssssacsoas
AnaerobiC PONdS ceeeesvoceccsososcesssacscnsnssencassssasssssssos
Facultative PONdS coeeessecssssscsscsassssessssccosasansocssnsss
Maturation PondsS seeeosesecceasossensssassosnsossocsssscssssonssssa
Physical Design Of POndsS ceceeecsccccccensscsansscccsasancsansoes
Night—501]l PONAS ccececevesccessocccssnasosscscasosensoascossscosan
Illustrative Example for Irrigation PUrpOSES ceuieecccscsssasaccss
Effluent Treatment for Drip Irrigation SySLems .eecssccccssssancs
Typical SLTAINEIS eeeseececssscescesansacsesasssscscanassssnnsscs
Clogging Of Strainers ..cseecescccscscesescssasscacosssccsansess
Granular Pressure Filters .c.cesecessssscsccsceccscosssanscscncna

Chapter 6 Wastewater Irrigation Practice ....eccececesccescscssconss

INErOdUCLLION cecosevnosossosaansnsssssssssassssssssssssssssasssssss
Application RALES ceeeecscocscasoccnasssncsssscsscscsncsnasnsene
Some Basic Principles of Irrigation .ceeeceseccccssccososcssanns
Similarities and Differences between Effluent and '"Normal"

Irrigation WALETr eceecececcesssacsosesrsacssasassacnsasasnsasasasnse

Crop Selection Considerations and Criteriad seeceecsscseccssscscocss
Suitability of Crop to General CondiCionNs ..cecesesceccccncsnsns
Constraints on Crop Growth .eeeceecccescsessesscacsssscsasncsnnca
Public Health Constraints seseeccescecesesessosssnsscssasssanss

Characteristics of Irrigation Systems Relevant to

Effluent IrrigatiOn sueeessosssscsssasscoseccsssssssossssoacsosn
Surface Irrigation cessosesssossssssscsssoscsssossosssssassasssna
Sprinkler IrrigatiOn ceeessceccssccascsosesssnscsssssonescssesos
Drip Irrigalion cecececocsseesesosonsnsessseaseosonsossoossssnse

Comparative Costs of Various Irrigation Methods eecescosccsacecss

138

138
138
139

142
143

154
158
158
160
163
164
167
169
169
173
173
174
176
177
183
183
187
189

190

190
190
191

192
202
202
202
204

205
206
233
253
265



- xiii -~

Chapter 7 Technical and Policy Options for Remedial Measures .......

General Approach ..cceeeccscesnsnsccsasnsscncscnssoacssssasasesonas
Agronomic TeChNiqQUES cueessesssssssascnsssanssceacsosassanssssess
ReStricting CrODPS sesesssecensssscssansoccssssoasssssnsasaanesos
Modification and Control of Irrigation TechniquesS eeseessccecss
Recommended Guidelines for Restrictions on Types of Crops
Irrigated with Wastewater cscesecescseocsscscsssscossssssssansas
Disinfection of Wastewater—-Contaminated Crops seeessccecssccsccns
Point-of-Use Disinfection seiesescsssscsvssssssessosacsssssoacnses
Central Market Disinfection StatiONS .seeeessscccsscssccsssssane
Improving the Occupational Health of Sewage Farm Workers....cooe..
Prophylactic or Chemotherapeutic Medical Treatment eeocseecescssse
IMMURIZALION seeeevacuconenssanseassasssssoccnasssascncsnsssecnsons
ChemOtherapy sesecoscsessscesscsosassossssesscssssssssasscssscns
Nutritional Supplement of IrOn teceevccecncsnccssccssssacsaasnes
Wastewater Treatment seseeececscsccssscssscnsnsosscscsncoscsssacas
Optimal Level of Treatment ...eeevecrvsccsaosscssacsassssasessaa
Lower Levels of Treatment .eceececcescscscescccsncssacssnsonsas
Intermediate-Level Treatment c.eeeececcesescsssasnscccaansesscaas
Palliative Measures and SCAZES cecessesonosvssocssrsassvcasanans
Evaluation of Technical and Policy Options for Remedial Measures
Advantages of Centrally Managed, Engineered Environmental
INtErventiOnS sescecasscscecesanssoasssscasssnsesssssnassssssens
Other OpLiONS seeesesssccesccercecesassacassssnsssasnssasssassa

COHCluSiOHS ® 9 8 8 00020 00400000 E0E00 SN ENtANELLILELENIBEOENRIEIEINSEESIOESIEBEOETES

Chapter 8 The Economic Evaluation of Wastewater Reuse
in Irrigation 9 8 00 8 &0 % 08 G OSSP T A S0 BSOS G OE DTSN SS ST PESSESSNSS

Analytical Framework seceeeescessscsccscssascssnncancnnnssonnncnnsnas
Economic Evaluation Of Irrigalion seeecesecssssccsossassossassnns
Wastewater Characteristics and Treatment ceecesecccescsoscsssace
Wastewater Irrigalion seseoseessssscccesccoseanascassaasansenne
Wastewater Treatment COSLS cecesscecacccsncsoscsacsscsssnnssscssssse
Land Value Considerations ceoceesevesasscncosscanesassnanassasnanas
Hypothetical Model ceceeeeneeriecnercescncecssscccessnsssncansssns

DI1SCUSSION saveessccosotsascasecoososcososcssnossscsosencssscssassssane

Recommendations ® 5 8 6P E SN OSSO LGOI O0PNCOINNLNNONTSINRIIINCEOEOEBEIBLIETS

Chapter 9 Summary and ConclusSions ...eceesessoscsccsosccssaresccassanse

ObJECEIiVES cesevevoesectascocscsnssossssscassasacnssssscannssnnnns
Benefits of Wastewater Utilization in Agricultural Irrigation ...
Negative Effects of Wastewater Utilization

in Agricultural Irrigation .c..ececessccnceacsescooccoccocanas

268

268
269
269
269

270
272
272
272
273
273
273
274
274
275
275
278
278
278
279

279
280
280

282

282
283
284
285
287
287
289
293
293

296

296
296

297



- xiv -

History of Wastewater IrrigaliOn ceeeeeeceeosessscscsnsssssccnnnsasn

Epidemiological Factors in Human Health Effects
with Wastewater Irrigalion seeeceseccesseccscossccasasonncnsss
Pathogen Survival in the Environment eeessescsesscasscssccances
Intervening Faclors t..eueeescesuasscasensssssossassoscsssasasns
Evidence of Quantifiable Health Effects .eeeecesnccccssssccnces
Implications for Developing COUNLTi€S cesesesssosssssasssasanss
Other Pathogens Potentially Transmitted by Wastewater

Trrigation eceeessccsecoescccesscscasasasssoscsansssnasnsnsssss
Wastewater Treatment Technology as a Remedial Measure in
Reducing the Health Effects of Wastewater Irrigation eececesss
Agricultural Irrigation MethodS .eeesescecossnsosocnossscssacnanss
Technical and Policy Options for Remedial Measures .ceeceseeecscas

COnCluSionS 9 0 5000000900000 00 0800 CPEOIEONGTIENEOLEOLIOEIRIICOEOLIOSEOSETSIEOTES

References

® 0 0 8 9 9 G0 8000 L8000 N NEEE00000840CELSCBLsEtNIOONTESIIESIAESESEOSETBNOES

297

298
298
298
299
300

301
301
303
304
305

307



Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

1-1

2-1
2-2
2-3
2-5
2-6
2-7

2-8

2-9

2-10
2-11
2-12
2-13

2-14

- Xv -

LIST OF TABLES

California State Department of Health standards
for the safe and direct use of reclaimed waste-
water for irrigation and recreational impoundmentsS..ese..
Viral pathogens excreted in feceS..ieeesasoccocccassscnss
Bacterial pathogens excreted in feceS.ieeeeecesesensccnces
Protozoal pathogens excreted in feceSiceeseessascasaencsne

Helminthic pathogens excreted in feceS.eeeeeceecnsccnvnces

Survival times of excreted pathogens in feces, night
soil, and sludge at 20-3000............ll................

Survival times of excreted pathogens in freshwater
and sewage at 20-30°C.......'.‘...l........'............‘

Factors affecting survival time of enteric bacteria

in soiloocc..oo....ooonco-.oo--o-oou-o.oo----co.-.oooco-o

Survival times of excreted pathogens in soil at 20°C.....

Survival times of excreted pathogens on crops at

20_30°C.ll’l.0l....I'.l.........ll...'....C....‘O.....Ql'

Enteric pathogen removal efficiencies of wastewater
treatment processes'...........'.................O......I

Possible output of selected pathogens in the feces and
sewage of a tropical community of 50,000 in a

‘deVEIOping COuntry.......-..-----o---o-oo-o.-o.--'...o...

Environmental classification of excreted infectionS.eeee.

Basic epidemiological features of excreted pathogens
by environmental category............'.'..C....l.......‘l

Epidemiological characteristics of enteric pathogens ....

28

30

30

34

36

36

39

39

40

40

42

48

54

56



Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

4-1

4-2

5-1

5-2

5-3

5-4

5=5

5-6

5-7

5-8

5-9

5-10

5-11

5-12

5-13

- xvi -

Suggested treatment processes to meet the given
health criteria for wastewater reuSCecsccessvesssesvsncss

Prevalence of Intestinal Parasites in Sewage Farm
Workers and Control Groups, Indidesesscccccsesccccccconns

Relation of hookworm egg count to hemoglobin and
hematocrit values at Halim, Indonesia «eececcccscscscescans

Typical characteristics of sewage from Indian cities.....
Typical domestic sewage characteristics in the UScesesess

Relative efficiencies of sewage treatment operations
and processes-.l‘.I......B.I......l.‘............l.......

Calculated effluent characteristics from different
operations and processes............‘.........‘I'.....‘..

Imhoff tank effluent: chemical and bacteriological
characteristics at Fort Devens, Massachusetts, land
treatment Si.te LI BE BN K B B BN NN N N BN BN RN RE BN BE Y R RN N BE BN B BN RN R RN R B AN BE B NE ORY RN RE NN B A NN

Bacterial removal during primary wastewater
sedimentation...l.l......'.l..l.'.......-.....ll.........

Expected values of properly designed stabilization
ponds in Southern AfricCa.ceseccecsacsccoscscacasensscssssane

Experimental results of effluent from a series of five
stabilization ponds in Brazil .eeeescccecscocsscsonsscnse

Experimental results of effluents from four facultative
ponds in parallel in Brazil s s 00t es st OB EOIONCROEIBTIORBIOROETTOEES

Mean experimental results of effluents from anaerobic
ponds in BraZil 05 0 900000 C0 0000080008000 CECEIOIOEIOERIRIIERTITOY

Effluent quality at various treatment steps in the
Dan Region Wastewater Reclamation ProjeCtececessecescccss

Organic material concentration and its removal in
Naan purification—storing SysSteMuscecescccsssscsssssssass

Removal efficiency of bacteria in oxidation pond-
reservoir system'..ll..ll'.'.I..........'.....‘.....l.'..

64

88

134
140

141

144

145

146

146

147

148

149

150

153

156

158



Table

Table
Table
Table
Table
Table
Table

Table
Table
Table

Table

Table

Table

Table

Table
Table

Table

5-14

5~-15
5-16
5-17
5-18
5-19
5-20

5-21
5-22
5-23

5-24

6-4

7-1

- xvii -

Discrete gravitational settling of parasites in water....

A comparison of the removal of cysts and eggs of enteric
parasites in various sewage treatment ProCesSS€S.sssscsses

Ratio of construction cost of conventional plants to
cost of a pond treatment plant of the same capacity.ce...

Relative 1983 costs of wastewater treatment facilities
in South Africa LI BN BE BN B BN BE BN BY BN BN BC RN BN BX RY BN BE B BN BN N BN BN RN BN BN BN B NN BN BE B NN BN BN N B BN 3N

Approximate per capita requirements for a waste
stabilization pond system serving a total population
of 30’000-100’000.....0l.Q..............‘....'....‘.....l

Annual costs of sewage treatment in India, 1970...40c0ees

Advantages and disadvantages of various sewage
treatment systems........B..l.ll....'.'...'...'......l...

Treatment pond example, phase l.ceecescaccosaaceossnsconcnse
Treatment pond example, phases 2 and 3eicieecoccncocnsacs

Treatment pond example, coSt €StimateSeececscccccesccosane

- Aerated lagoon vs. oxidation ponds (complete systems)--

area and COSC estimates.cO.Qno'!oilol.oiuo...lI.lo.loo.t.

Limits of boron in irrigation water for crops of
various sensitivities, based on toxicity symptoms
of plants grown in sand culture..c.cscisescsscccocsnsscsssa

Yield decreases of various crops to be expected due to
salinity of irrigation water‘.....O.'.-'...I...'-'.....'.'

Comparison of boron and heavy metal concentration
standards with effluent irrigation water, alfalfa

deder, and milk..I.ic...oo...-0.l.on..t.o.oo.oo.oloio.s.

Investment per hectare and total annual cost per hectare
of various irrigation methods in California and Israel...

Tentative Microbiological Quality Guidelines for Treated
Wastewater Reuse in Agricultural Irrigationecescsccscoces

Approximate economic incremental NPV/ha - irrigation ....

162

165

167

168

170

171

172
180
181

182

184

195

203

206

267

277

284



Table
Table
Table
Table

Table

8-2

8-4

8-5

- xviii -

Impact of sewage dispoSal .sceeeocceoresascsccscnsscsascen
Wastewater agricultural nutrients cceeeecesescescccssacsos
Estimated present value treatment cost vs. land value ...
Model assumptions =— general cceececsssscsscccorsssnnsass

Hypothetical models of wastewater irrigation ceceeecceccese

285
286
288
289

292



Fig.
Fig.

Fig.

Fig.
Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

1-1
1-2

1-3

1-4

1-5

1-9

2-1

2-2

2-3

3-1

- xix -

LIST OF FIGURES

Location of sewage farms of Paris

in 1904 0 €0 8 PO EO 0O EEPLOEINENAIEOITOIOSOIEOEEINOSOIOEOEDBNTSES

Agricultural reuse of municipal wastewater in Israel

1963-82 0 9 4. 009 008 008 OV E OO LS NS ST LS ACEOP N PEGPEL et S e
Generalized annual global precipitation (mm) seeeeececcccs

Climate diagrams for areas with wastewater irrigation,
North and South AmeriCa @2 08 0 COSCELIERICOIORONCGEIOOENOSIEROIPEOEOOETILES

Climate diagrams for areas with wastewater irrigation,
Asia and Europe I BN B K BN BN BN AN BN R BN BN BN BE BN BN EE BN K B RE Y BN BE BE BN BE NN BN BE BB B R BN BY BY BE B B )

Climate diagrams for areas with wastewater irrigation,
Africa and Australia LK N BN BK BN BN BN NN B B BN BN RN AR BN B RN BN B BE BE BE NN BN BE BN BN B RY NN NN BN NN BN BN 3

Afidity index fOr ASi@ teeeeesecesenscassasccneossancssasn
Aridity index for North and South America eeescesssecsascs

Aridity index for Africa and Australia .cecececcessecenes

- Persistence of selected enteric pathogens in water,

wastewater, soil, and ONn CIrOPS teessvscsecssacssssosannce
Minimal infective dose of selected enteric pathogens ....

Involvement of other vertebrates in the transmission
of human excreted infectionNs ceseesecsscesccscnssscancssss

Effect of water purification on death rate from
typhoid fever in Detroit, Michigan, 1900-1933 .c.ciceeces

Prevalence of parasitic infections in Tara Prison,
Egypt’ 1925 86 O 8 600 8688 095 66650 600 0000 0850 ES DG SDN eSO SNBSS

Prevalence of parasitic infections in two communities
in Egypt’ 1925 9 8 0 8 5 5 0 D OGO D GOS0 E NG OH SO ND SN EE NSO NNSDS

Wastewater irrigation of vegetables and Ascaris
prevalence in Darmstadt, Berlin, and other cities in
Germany in 1949 S 8 600 000 000850080 0OD G PEOTNEOCO NSNS ESEOeS

10

20

21

22

23

24

25

26

41

50

52

65

69

70

72



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

4-4

4-6

4-7

4-8

4-10
4~11

4~-12
4-13
4-14
4-15

4-16

- XX -

Municipal drainage areas of Jerusalem and plots
irrigated with raw wastewater up to 1970 ...cevennnscsces

Relationship between Ascaris-positive stool samples

in population of western Jerusalem and supply of
vegetables and salad crops irrigated with raw waste-
water in Jerusalem, 1935-1982 civevevcossocsnsncesccsncas

Weekly distribution of cholera cases in Jerusalem,
August-october 1970 LI 2R B BN B BK BN BN BN B B AN B BN BE BE BN U AN BN RE BN K B B BECRE N ONE Y BN BN BN B W N ]

Hypothesized cycle of transmission of Vibrios cholerae
from first cholera carriers introduced from outside the
city, through wastewater-irrigated vegetables, back to
residents in the CILY seeesssrcaccnsascscscsccavnesssonens

Seasonal variation in typhoid cases in Santiago and the
rest of Chile (average rates, 1977-1981) cceececceccacnnsa

Typhoid fever in Santiago and the rest of the country,

1973-1984 toonooo;-OC-o-...-o--ooo--o-o-.-oo-oco.o--c-ooo

Prevalence of pardsitic infections in sewage farm
workers and controls from various regions of India se.c..

Intensity of
and controls

Ceographical
Geographical
Geographical

Geographical

parasitic infection in sewage farm workers
in various regions of India .ceceececacccnccs

distribution
distribution
distribution

distribution

Global spread of cholera,
Celebes to Africa, 1961 to 1975 ceeececccsasasscanacnnans

of Ancylostoma duodenale ......

of Necator americCanus .cecesese

of Taenia saginata seceeeccesecse

of Taenia SOlium eescecsosssonce

pandemic El Tor variety, from

Schematic layout of Dan Region Reclamation Project -

Stage I ® 0 2 0 5 50 08 E UL R EOEEOP NS PRI ON OB R0 CNGOIRINOOSCEABNOTSE

Schematic layout of Naan Wastewater Reservoir ..ieecesces

Relative and total removal of BOD prior to and in the
Naan Wastewater RESErvOir .ccesecsescscesccessescoscssanss

Removal of coliform bacteria in oxidation pond-
reservoir system ® 8 0 0 0 5 90 00O SO ST 0L OONE OGN OO0 ON S ONOTON SN ESSTS

74

75

78

80

83

83

89

91

125

126

127

128

129

152

155

157

159



Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

- xxi -

5-5 Schematic layout of oxidation ponds system for effluent

irrigation (after Arthur 1983) and construction phases ..
5-6 Suggested layout of equally sized oxidation ponds in

series ® 6 8 0 4 0 00 OB B S D O S QL C D OO S S SN OC OSSO OSEEN NN SS e
5-7 Strainers for irrigation systems, Type I ccceececcscccene
5-8 Strainer for irrigation systems, Type Il .ceececcscacoces
5-9 SANOM-AT—FILTOMAT Strainer’ Type III B 9 5 & 08 &0 00908 OE eSS e
6-1 Classification of irrigation water quality according

to electrical conductivity and sodium hazard ..cceeeevcss
6-2 Wild flooding from field laterals cescecssessesssncnsecaas
6-3 Graded rectangular border checks for small grains,

forage and row crops, and contour checks for orchards ...
6-4 Various methods of delivering water from a farm ditch

to border checks or irrigation furrows ..eeececccessascses
6-5 Alfalfa valve mounted on concrete riser supplied by

underground pipeline ® 8 &0 5 05 00 ¢S PN EE OO0 OB LN O e eEE T EsEESe
6-6 Cross section of furrows showing flow path of water

into ridges LK B BN AR B BN B BN BN BN BN BY BN B BE AR BN BE BN BE B BE BN BN BN B BN AR BE BN B BK BN R BN BN BE BN BE BN BE BN AR A
6-17 Orchard hydrant mounted on underground concrete pipeline
6-8 Schematic view of the mass balance of an elementary

water volume at any point along an advancing irrigation

stteam & 99 &9 80P OB S OE RSSO LS OE SN PSP NSRS A OPEes SRS
6-9 Sample map of a field—test layout 200 s 000900000000 0s0n
6~10 Profiles of water layer on land surface and depth of

penetration into soil at equal time intervals during

the advance stage ® & 0 0 55 ¢ 30880050 SS O OH OO SANCEOEEIOEEENINESOS
6-11 Example of a water advance curve in a furrow or border

Check LB B B BN IR BT B BN B B BN BE B NE BN R BN BN Y BY BN B B ORE BN B BN BN BB BN B NN N RN B R B B NN A WY )
6-12 Typical relation between soil infiltrability and time

. fOt initially dt’y SOil #9000 0080 00NN LOSCOCSIRGEPRERSIOESTOESRE

178

179
185
186

188

197

208

210

211

211

215

217

219

222

223

223

225



Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6-13

6-14

6-15

6-16

6-17

6-18

6-19

6-20

6-21

6-22

6-23

6-24

6-25

6-26

- xxii -

Variation of infiltrability along a plot due to
differences in intake opportunity time, just after
advance stream has reached end of plot ...evcevevennnccas

Plot of infiltration stage after advance stream has
reached downstream end o0f field .ieecessscrasrsascococanas

Complete advance-recession diagram, showing intake
opportunity time (IOT) at various distances .eeeecesceces

Effect of input stream on advance curves on an
infinitely long land surface (q1>q2>q3) sersescsccsssseas

"Moving the set'" of a lateral in a hand-move system .....
"Moving the set" of a lateral in a tractor-tow system....
"Moving the set" of a lateral in a roll-move system .....
A center-pivot irrigation SYSLeM .eeececcecocssccacscncas
A typical medium-pressure impact sprinkler .c..cccececscses

The "20 percent law'" of pressure differential applied

to a single sprinkler lateral, as used in a hand-move
system, and to a number of laterals working
simultaneously, as in a solid-set or tow-move system,

or in a drip installation ssecsececccsessasanscsnsosscsss

a. Effect of wind on water distribution from a single
sprinkler and the resulting depth of wetting of the soil.
b. Effect of wind velocity and direction relative to
lateral direction on water distribution pattern and
ground coverage of a solid-set or tow-move sprinkler

Set CICIC I U IR B B IR BB B BB B B B B I AR R IR B B B Y A B A I I IR I B I S I JE I B B A O ]

a. Typical application distribution of a sprinkler
designed for a spacing between adjacent sprinklers

that produces overlapping patterns. b. Two~dimensional
schematic of how overlap between adjacent sprinklers
along a lateral produces uniform water distribution .....

Sample page from sprinkler catalog with recommended
Operating Conditions ® 0 @ 0 ¢ 00 O P E OB OO OO S ON O OSEN et E N

Alternate-row placement of drip laterals in row crop +...

225
226
226

228
236
237
238
239

240

243

245

247

248

255



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

6-27

6-28

6-29

6-30

7-1

- xxiii -

Flow pattern of water in the soil, and typical shape of
wetted soil volume produced by a single drip emitter
placed on the soil surface next to a plant .c..eveecoccces

Comparison of soil moisture regimes produced by lé4-day
and 3-day irrigation frequencies ..eeeseseccccccossececse

Comparison of the water potential regimes corresponding
to the water content regimes of Figure 6-28, and
indication of the additional potential decrease due

to s0luble SAltS cseececccsonscesocccescncssssasosncscoans

a. Longitudinal section of long-path, in-line drip
emitter. b. Section through a narrow-orifice button

emitter O 9 0 8 8 6O OB OGS P OO U OOE S 6800 T SO TOE OSSN NONEON PSS SSOS OGNS
Generalized removal curves for BOD, helminth eggs,
excreted bacteria, and viruses in waste stabilization
ponds at temperatures above 20% C .ueeivecvacecccscsoonns

MOdel Structute S 008 00 20000 OB COEINBDIBEB 0L CEESISEPIOEIEPRIEBEISLEOLES

256

258

258

262

276

295






~ XKV -

PREFACE AND ACKNOWLEDGMENTS

The reuse of wastewater for agricultural irrigation offers many
attractive benefits, including reduced pollution of water sources; increased
water supplies for productive agricultural use; and the addition of valuable
fertilizers and micronutrients to maintain soil fertility. However, the
possible negative effects to the health of farmers directly exposed to
wastewater irrigation, to the public consuming edible crops contaminated by
uncontrolled wastewater irrigation practices and those consuming milk and meat
derived from animals exposed to wastewater-irrigated pasture lands, or to
population groups residing near wastewater-irrigated fields have to be
carefully evaluated so that remedial measures can be taken to ensure that the
public reaps the full benefits of a water recycling project.

This paper does not deal directly with the use of wastewater sludge
or night soil in agriculture or aquaculture since these subjects are covered
by two companion reports sponsored by the World Health Organization and the
United Nations Environment Program through the International Reference Centre
on Waste Disposal at Dubendorf, Switzerland (Blum and Feachem 19853 Cross and
Strauss 1985).

The purpose of this report is to identify the known, credible, and
quantifiable health effects of wastewater reuse, particularly for the
developing countries. The recommendation of specific remedial measures
suitable to the developing countries is the main goal of this report.

Note: A separate bibliography has been prepared--"Wastewater Reuse,
Emphasizing Health Aspects: A Selective Bibliography"--which covers some
1,000 articles, books, and reports. Free copies can be obtained by writing to
the Publications Group, Water Supply and Urban Development Dept. (N-713), The
World Bank, 1818 H Street, N.W., Washington, D.C. 20433,

This study has been carried out for the World Bank as Executing
Agency for the United Nations Development Programme-Integrated Resource
Recovery Recycling Project (Waste Recycling) (GLO/80/004-July 1981) under the
guidance and supervision of Charles Gunnerson, who has provided invaluable
advice throughout the study. In addition, many other staff members of the
World Bank provided important input to this report, particularly,
S. Arlosoroff and John Kalbermatten.

Chapter 8, "The Economic Evaluation of Wastewater Reuse -in
Irrigation,"”" was written by Frederick Wright and Edward F. Quicke of the World
Bank (WUD) staff. Their vital contribution is hereby acknowledged.

Support in gathering important data and assistance in arranging field
visits were provided by Bernd Dieterich and his staff at the Environmental
Health Division of the World Health Organization (WHO), Geneva. Many
individuals in WHO Regional Offices and the WHO-International Reference Center
on Waste Disposal (IRCWD), Dilbendorf, Switzerland, also made valuable con-
tributions to this study. Jacobo Finkelman, WHO, Mexico, provided a critical
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field evaluation of epidemiological studies in Mexico, and Richard Feachem and
his colleagues at the London School of Hygiene and Tropical Medicine supplied
vital, hard-to-obtain documents and reports. Furthermore, most of Chapter 2
is based on work by Feachem and his group as reported in their authoritative
World Bank study, Sanitation and Disease: Health Aspects of Excreta and
Wastewater Management (1983).

Other agencies that provided valuable assistance include the United
Nations Development Programme; the U.S. Environmental Protection Agency; the
Water Research Centre of the United Kingdomj; the National Environmental
Engineering Research Institute, Nagpur, Indiaj the Asian Institute of
Technology, Bangkok, Thailand; the Pan American Center for Human Ecology and
Health, WHO, Mexicoj and the Gordon McKay Library of Applied Science, Harvard
University.

The following individuals have reviewed this manuscript and have
provided many useful comments and suggestions, which have been incorporated in
the final text: A. Al-Khafaji, Deborah Blum, David Cook, B. Cvjetanovic,
Richard Feachem, Fredrick L. Golladay, Bernhard H. Liese, Sr., James Listorti,
D.0. Lloyd, Duncan Mara, Letitia Obeng, Carlo Rietveld, Gunner Shultzberg,
J. Srivastava, Martin Strauss, P.M. Tamboli, A. Thys, and A. Zavala.

This volume, together with the two reports prepared by the IRCWD
mentioned earlier, were reviewed in depth and evaluated at a meeting of
environmental specialists and epidemiologists convened by the World Health
Organization and the World Bank in July 1985 (The Engelberg Report 1985).
That group of experts endorsed in principle the findings and conclusions of
these studies and supported the recommendations for control strategies. The
meeting resulted in a high degree of coordination of policy and approach
between the WHO and the World Bank on the matter of wastewater and sludge
reuse in agriculture and aquaculture. The recommendations of the Engelberg
Report have been incorporated in this volume.

Some of the material in this report has been drawn from unpublished
reports of studies supported by the U.S. Environmental Protection Agency that
have not been subjected to the agency's peer and policy review. This material
does not necessarily reflect the view of the Agency and no official endorse-
ment should be inferred, specifically with respect to the information in
Chapter 4 based on Camann et al. (1983), Fattal et al. (1981), Shuval et al.
(1983), and Fattal (1984), and Shuval and Fattal (1985).

Tables and figures herein for which no sources have been cited are,
for the most part, the work of the authorsj; a few figures have been taken from
commercial catalogs. :

Special mention must be made of the contribution of my colleague
Rachel Perlman Cohen--Librarian of the Environmental Science Library at the
Hebrew University--in preparing the separate bibliography.

Thanks are due to the Environmental Science and Engineering Program,
Division of Applied Sciencas, Harvard University, for the fine facilities they
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provided me with during my sabbatical, which enabled me to complete the
writing and editing of this report in a quiet and scholarly environment.

The untiring efforts of Christine Lawton and Miriam Hornoff in typing
and proofreading major portions of this manuscript are greatly appreciated.

The credit for the skillful job of editing and refining of the text
goes to Deirdre Murphy, who served as production editor of this volume, and to
the copy editor, Venka Macintyre. Their important contribution is gratefully
appreciated.

Hillel I. Shuval
Jerusalem, Israel
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LIST OF TERMS AND ABBREVIATIONS

A biological conventional wastewater treatment process
Without the presence of oxygen

With the presence of oxygen

‘Biochemical oxygen demand; a measure of the organic

strength of sewage
Center for Disease Control (USA)

Cation exchange capacityj a characterization of soil
related to ability to absorb dissolved salts

Chemical oxygen demand-—a measure of the organic strength
of sewage

Normal bacteria of the enteric tract of mammals used as
an indicator of fecal pollution

A more specific fecal indicator organism, see coliforms
Calculated by taking the net present value (NPV) at a
specific discount rate (interest factor) for the stream
of incremental (with project less without project)
economic benefits less incremental costs {investment and
operating) estimated over the life of the project. The
result is then divided by the project area in hectares.
Toxic compounds formed by bacteria

Environmental Protection Agency (USA)

A system that functions both aerobically and
anaerobically

See Log Mean
Hectare = 10,000 M2 % 2.5 acres
Infectious hepatitis Type Aj; a virus disease

Infective dose or the number pathogens required to infect
50 percent of persons who ingest them

International Reference Center on Waste Disposal
Diibendorf, Switzerland



Kibbutz

km

Log Mean

Log10 Removal

MCM
MGD

MOH

Morbidity Rate

Mortality Rate

Maturation Ponds

‘N
NEERI
NH,

Night Soil

N-K-P

NPV

- XXX -

A potassium salt used as a chemical fertilizer

Collective agricultural settlement in Israel; plural,
kibbutzim

Kilometer

The mean value of a series of numbers based on
calculationj the mean of the logarithms of the numbers

Removzl efficiency expressed in logyg unitss i.e.,
4=10"" = 99,99 percent removal

Square meter
Million cubic meters
Million gallons per day

Medical Officer of Health--a senior public health
official

The rate at which illness from a specified disease occurs
in a community; usually expressed as cases/100,000
population

Death rate from a given disease; see morbidity rate
See Polishing Ponds
Nitrogen

National Environmental Engineering Institute, at Nagbur,
India

Ammonia
Human excreta—-—feces and urine

Nitrogen-potassium—phosphorus used as a chemical
fertilizer

Can be defined as the present worth of benefits less the
present worth of costs. The present worth of an amount
in any specific year can be calculated using P =
F/(1+i)®, where P = future value, i = discount rate
(interest factor), n = period in the future. Therefore,
the NPV of a stream would require calculating the present
worth for each period and then summing them up.



Oxidation Ponds
P505

PAHO

pH

Polishing Ponds

Primary Treatment

Prospective Study

PVm
Retrospective Study

Seroepidemiology

S.5.

Secondary Treatment
Stabilization Ponds

TDS
TSS
UNDP
UNEP

WHO
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See Stabilization Ponds
A phosphorus salt used as a chemical fertilizer

Pan American Health Organization, the regional office of
the WHO for the Americas

A measure of acidity

"Additional stabilization ponds following a wastewater

treatment system to provide additional treatment
Usually sedimentation of wastewater

A method of studying the health effects of an environ-
mental factor by making current observations for a given
time period of the morbidity or mortality rates on
exposed and control population groups (see Retrospective
Study)

Represents the discounting of a physical flow over a
period of years and is used to allow easier comparison of
a stream of quantities by converting them into a single
number. f

A method of studying the health effects of an environ-
mental factor by observing the past morbidity or
mortality rates of the exposed and control population
group (see Prospective Study)

A study of the rate of infection of a disease in a
population group by analyzing blood samples for
antibodies to the disease

Suspended solids

Usually a biological wastewater treatment process
following sedimentation

An open pond system used to treat wastewater where algae,
bacteria, and sunlight provide natural purification

Total dissolved solids
Total suspended solids
United Nations Development Programme
United Nations Environment Programme

World Health Organization



CHAPTER 1

HISTORICAL, PRESENT, AND POTENTIAL REUSE OF WASTEWATER IN AGRICULTURE

Night soil has been used to fertilize crops and replenish depleted
soil nutrients since ancient times in China and in other areas of Asia. The
earliest sewage farms documented in the literature appear to be those of
Bunzlau, Germary, which were in operation in 1531 (Gerhard 1909), and those of
Edinburgh, Scotland, which were active around 1650 (Stanbridge 1976).

With the advent of the water carriage sewerage system, interest in
wastewater farming or land application increased, particularly in Europe after
the First Royal Commission on Sewage Disposal in England gave its official
blessing to the practice. In its report of 1865 the commission stated, "The
right way to dispose of town sewage is to apply it continuously to the land
and it is by such application that the pollution of rivers can be avoided."
During this same period in Europe, the conservationist movement provided
another important thrust in support of the reuse of wastewater by advocating
that land application become part of a policy for resource recycling and
returning nutrients to the soil. In 1868, Victor Hugo gave voice to this
point of view in Les Miserables: '"All the human and animal manure which the
world loses . . . by discharge of sewage to rivers . . . if returned to the
land, instead of being thrown into the sea, would suffice to nourish the
world."

Thus, the initial impetus for using wastewater in agriculture or
through land application arose from policies of preventing pollution in rivers
and conserving water and nutrients to improve agriculture. These early
motivations for wastewater reuse remain strong to this day, although the
emphasis has changed somewhat as a result of experience, scientific advances,
and economic considerations. This report analyzes the benefits of wastewater
reuse as an economical way of increasing the amount of available water and
returning important nutrients to the soil, both of which are essential for the
development of agriculture. It also reviews the benefits of reducing
pollution in water courses through the effective natural purification of
wastewater applied to the land.

However, the main task here is to evaluate the potential negative
effects on human health from the agricultural use of wastewater and to propose
remedial measures. It isﬁgnly when the public can reap the full benefits of .
wastewater reuse without suffering harmful effects that such a practice can
become a truly successful development policy.

EARLY MAJOR WASTEWATER IRRIGATION PROJECIS

With the publication of the report of the First Royal Commission in
England, land treatment became one of the principal means of sewage
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disposal. Sewage farms were established as early as 1650 in Edinburgh and
later in London, Manchester, and other major cities of the United Kingdom.
The local government boards, which controled the funds expended by local
authorities, enforced this policy by requiring land treatment, or broad irri-
gation, prior to the disposal of effluent to rivers. By 1875, there were some
fifty land treatment sites in Britain (Jewell and Seabrook 1979). This policy
was modified in 1898 by the newly appointed Sewage Disposal Commission of
Great Britain, which recommended that "filters of artificial construction with
proper safeguards . . . be relied upon to purify sewage without broad
irrigation" (Fuller 1912).

Broad irrigation also became popular in other parts of Europe during
the late 1800s and early 1900s. Paris, for example, had sewage farms as early
as 1868. These are described by M. Bechman, who was city engineer at the turn
of the century. According to his account, experiments in farming with the
sewage of Paris were initiated at the town of Gennevillier. The farmers of
the area welcomed the use of sewage on their farms, and by 1872 some 900 ha
(2,225 acres) were being irrigated with wastewater. In 1889, the Chamber of
Deputies in the Senate passed a law permitting the system to be extended to
the area of Acheres on the border of the forest of Saint-Germain. This
project was put into operation in 1895, but the new purification fields, like
the earlier ones at Gennevillier, were only able to receive a portion of the
total sewage flow of Paris; most of the flow was still being discharged into
the Seine River. By 1904, however, the great intercepting sewers of Paris had
stopped discharging into the Seine altogether, and all the dry weather flow
was applied to sewage farms, which by then had a total area of 5,300 ha.
About one-third of the area was owned by the city and rented to tenant farmers
on the stipulation that they receive fixed quantities of sewage at all times
of the year and raise their crops under permanent supervision and control,
The remaining land was owned by individuals who received the sewage for
agricultural purposes according to their needs (see Fig. 1-1).

The city of Berlin established its first sewage farm in 1876 and
gradually increased the total area so that by 1910 some 17,200 ha (43,000
agres) were devoted to sewage farming and the city was treating about 310,000
m (77 million U.S. @gallons) a day (Rocchling 1911). Under Berlin's
system, twelve pumping stations delivered the sewage to eight farms, three of
which were to the south and five to the north of the city. The northern farms
were 4-17 miles from the center of the city and the southern farms 8-17 miles
away. Part of the area was used for farming operations managed by the city
authorities, and a smaller portion was let to private farmers for the
production of vegetable crops for the city markets (the more important crops
were reported to be rye, wheat, barley, oats, corn, potatoes, beets, and
carrots). In addition, cattle were grazed on grasslands irrigated with
wastewater. Part of the effluent from the land filtration areas was conducted
through ditches to fish ponds, which in 1910 had an area of 16 ha (40
acres). A major portion of the area was used for direct infiltration beds
rather than sewage farming. According to Rocchling (1911), the overall
operation was not a profitable one and had to be subsidized through city
taxes., At a later stage, the wastewater was treated by conventional methods
prior to agricultural irrigation.



o\ st oMery N
Pontohe
3 ,Frepillon
4 St.O\un 1" Aumo 'J"I" m'ﬂ o Be
0"9(, Vaureal () Cergy ssancourt
Manucourt . .5'3 s Taverny
EX3 iye o
Evecquemunt \'. x% Boiscmont = sine-ile Pierrelaye
Meulan o = Neul i@ oSt Len
2, oEN ConAoneSte )
>\ % M m',c n oLe Plessis Bouchard
negitniel Jhdresye : o Ermont
ilTeh) (l] N Frette *Franconville
= . '3 =1 . Chentels _ e & i1\ ;Cnrmzilles o Enghien
Mezicres Anber.gen\' ull}:“‘ﬂh Chlpﬂ = JAcheres o 000 %, Sannols E .
Medan o ’!mi:’ - Pomﬁ':‘ Maison N Arsenteu S
i y X =
Vllle—nm. == .0 b‘b sine de ColombgikS emor T ‘*———7\ )S St. Denis
0 sy‘é' Buo!l“p L ‘q‘:% s‘ Ouen
Q
< C . * Asmieres’ ¢ 'i.’al‘:‘ Cliohy
8t. Germatn g m.s;';rbewi“ \
Y I/ Lev & Perret
I’uwmxg / })
& o Reuil / Neuu y
Bm:gmf“‘““’- Paris

Irrigable Lands belonging to City.
Eg"g Irrigable Lands belonging to Individuals.

Fig. 1-1. Location of sewage farms of
Paris in 1904.

The city of Melbourne, Australia, established its first large sewage
farm——Werribbee Farm--in 1897 and successfully grazed sheep and cattle on the
grass grown in the sewage—irrigated plots. This large, well-managed farm is
still in operation and today irrigates some 10,000 ha with the effluent of its
stabilization pond system, which is the largest in the world.

Another early example of a major program for the disposal of city
wastewater through planned sewage farming comes from Mexico City, which in
1904 established an organized irrigation district nearby in the arid Valley of
Mexico; it 'utilized the city's untreated wastewater to irrigate large areas.
This project expanded through the years under careful government control, so
that by 1984 the area being irrigated had grown to about 42,000 ha.

Sewage irrigation was also under way in the United States in these
early years. It was practiced as early as 1871 in Lenox and Worcester,
Massachusetts, and 1876 at the state asylum near Augusta, Maine (Chase
1964). According to Fuller (1912), by 1904 the country had some fourteen
municipal sewage farms or broad irrigation projects serving a population of
about 200,000, and a number of institutional plants of some size were in
operation. Early municipal sewage irrigation projects near Chicago and Los
Angeles had to be abandoned, however, because of the rapid growth of the two
cities and their suburbs in the direction of sewage-irrigated lands.
Apparently the health authorities intervened when the odor from these sites
became a nuisance (Fuller 1912). Nonetheless, in March 1910, California's
Monthly Bulletin of the State Board of Health recommended, "In California




-4 -

where water is so valuable for irrigation, the use of sewage for broad
irrigation should be considered" (Ongerth and Jopling 1977). It seems that
wherever the economic motivation for wastewater reuse has been strong, .the
practice has had a sounder basis for survival.

As in the United States, many of the early broad irrigation and
sewage projects in Europe were eventually abandoned because urban deveélopment
had encroached upon the sewage farm areas. The problems with odor and
concerns about public health--particularly about the possible transmission of
disease from vegetable crops irrigated with raw sewage--were largely responsi-
ble for the decline of sewage farming. Another disadvantage in temperate
areas with plentiful rainfall was that with the cessation of sewage irrigation
during heavy rain storms, raw sewage was frequently discharged into neighbor-
ing streams, or crops were injured from oversaturation of the irrigated land
areas. This was a minor factor in the more arid western areas of the United
States, however, and thus sewage farming has continued there right up to the
present.

When it was discovered that wastewater could be treated by biological
processes that require much less land, broad irrigation and sewage farms fell
into decline in both Europe and the United States. Because of a combination
of factors, most consulting engineers and public health authorities came to
believe that sewage farming was an undesirable and unsanitary practice of the
past: land-use patterns had changed as 'a result of urban growth; the
alternative wastewater treatment technology was based on intensive civil
engineering and mechanical components; more people became aware of the
hygienic and public health considerations associated with unregulated sewage
irrigation of vegetable crops-—-particularly salad crops wusually eaten
uncooked--and there was greater public sensitivity to "sanitary" nuisances,
especially the unpleasant odors from poorly regulated, overloaded 1land
infiltration areas and flood farming plots.

By 1912, the trend away from sewage farming was already evident:
"The present outlook is that broad irrigation or sewage farming is decidedly
on the wane with little prospects of adoption even in the arid districts
except perhaps for an occasional project where local conditions are unusually
favorable" (Fuller 1912). Eventually, sewage farming was almost completely
abandoned in most areas of the highly urbanized industrial countries of the
western world. At the same time, reclamation and recovery became discredited,
and few engineers or scientists showed any interest in the systematic study of
the engineering, agronomic, microbiological, and public health aspects of
wastewater reuse in agriculture. All this changed after World War II, how-
ever, when a new thrust of scientific and engineering interest in wastewater
reuse developed in both the industrialized and the developing countries.

PRESENT STATUS OF INTEREST IN WASTEWATER REUSE

Following World War II, the possibilities of wastewater treatment and
disposal through land application gained increasing attention from those who
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saw this as a method of preventing river pollution and of increasing water
resources in areas suffering from insufficient overall water supplies. The
more arid developing countries were particularly interested in the major
economic benefits that could be gained by utilizing wastewater as a water
resource for agricultural development.

Willem Rudolf and his group at Rutgers University provided a strong
scientific basis for the renewed interest in the microbiological and public
health aspects of wastewater irrigation in agriculture (Rudolf, Falk, and
Ragatzkie 1950, 1951). Their field experiments on the survival of pathogens
in the soil and on sewage-irrigated vegetable crops stimulated research
scientists in many areas of the world to initiate investigations along similar
lines. Their goal was to provide a rational basis for evaluating the health
risks from the microbial contamination of crops. To this day, their widely
circulated series of articles reviewing the literature on pathogen survival in
soil and on agricultural crops remains the pioneering work in the field.

A major contribution was also made by a number of state health
departments in the United States, which established guidelines and regulations
to control the sanitary aspects of wastewater reuse in agriculture. The state
of California's pioneering regulations in this field were first issued in 1918
and later modified and made more stringent (Ongerth and Jopling 1977). They
provided design engineers, public health authorities, and farmers in the
United States and throughout the world with a carefully worked out, rational
basis for reintroducing wastewater irrigation in agriculture as a socially
acceptable and sanitary practice that could meet the 'strictest public health
criteria (see Table 1-1). That California led the way in this field is not so
surprising in that the climate and geographic features of this area made
agricultural utilization of wastewater an attractive solution to town and city
wastewater disposal problems. The seasonal rain distribution patterns in many
parts of California and other western states make it necessary to use consid-
erable supplemental irrigation during long periods of the year when climate
conditions are appropriate for growing crops.

These same arid and semiarid zones have few flowing streams with a
sufficient capacity to serve as natural repositnries for even well-treated
wastewater effluent. Thus, land disposal through wastewater reuse in
agriculture has provided almost the only feasible, relatively low=-cost
alternative for disposing of wastewater from municipal areas in a sanitary
manner that would minimize the pollution of the region's waterways. All these
factors, coupled with the rapid urban growth of the region and the need to
increase agricultural production, helped to revive the interest of the
agricultural community and municipal planners in sewage farms. Furthermore,
the regulations developed by the State Health Department provided a strict
code of practice that helped to reestablish the credibility of wastewater
reuse 1in agriculture in the western part of the United States. Soon
thereafter a similar trend developed in many of the rapidly developing
countries faced with water shortages and having insufficient waterways to
properly dilute and dispose of municipal wastewater.



TABLE 1-1

California State Department of Bealth'étandards for the safe
and direct use of reclaimed wastewater for
irrigation and recreational impoundments

Description of minimum required
wastewater characteristics

Secondary
coagulated Coliform
Secondary filtered b/ MPN/100 ml
and and median
Use of reclaimed wastewater Primaryﬂl disinfected disinfected (daily sampling)
Irrigation
Fodder crops x No requirement
Fiber crops X No requirement
Seed crops x No requirement
Produce eaten raw, surface irrigated X 2.2
Produce eaten raw, spray irrigated . X 2.2
Processed produce, surface irrigated X No requirement
Processed produce, spray irrigated x 23
Landscapes, parks, etc. X 23
Creation of impoundments
Lakes (aesthetic enjoyment only) x 23
Restricted recreational lakes ; X 2.2
Nonrestricted recreational lakes X 2,2

a. Effluent not containing more than 1.0 ml/liter/hr settlable solids.
b. Effluent not containing more than 10 turbidity units.

Source: After Ongerth and Jopling in Shuval (1977), p. 230.
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One of the basic steps that the California State Health Department
took was to restrict the use of partially treated sewage to crops that are
generally cooked before being consumed. (See Table l-1 for a summary of the
main elements of the California reuse standards.) As a result, the practice
of growing salad crops such as lettuce, cucumbers, and tomatoes was
effectively discouraged. In addition, California introduced wastewater
treatment standards of 2.2 coliform/100 ml, which could only be achieved with
much difficulty, that is, through the complete biological treatment of the
wastewater, followed by heavy chemical disinfection with agents such as
chlorine.- The microbiological quality of the effluent used for irrigating
such crops would then be more or less parallel to that required for drinking
water. In reality, such a standard was almost unattainable in most normal
wastewater treatment systems.

California's crop restrictions and wastewater treatment requirements
were copied almost in entirety by many other states. Furthermore, these
standards were either replicated or used as the basis for similar regulations
in many of the developing countries that had gained their independence shortly
after World War II and that had a strong interest in using wastewater for
agriculture purposes and economic development.

During the past thirty-five years, investigations have been launched
in all scientific aspects of wastewater reuse, with intensive studies being
pursued by researchers at universities and governmental research institutes,
and by consulting engineers and municipalities. During this period, some
1,000 research papers, reports, and monographs have been published on every
aspect of wastewater, from its composition to its agricultural, municipal,
industrial, .and recreational wvalue, A number of governments have even
officially approved of wastewater land application or wastewater reuse as part
of their water pollution control policy and water resources management
program.

In 1952, the Israel Ministry of Health, for example, published health
guidelines for wastewater reuse in agriculture that were based largely on the
California standards (Shuval 1980). Then in 1956 Israel established
wastewater reuse as a national policy of water resource conservation in its
First National Water Plan. Under the 1956 Israel Water Law, this water-short
country provided a legal basis for its wastewater reuse policy by nationaliz-
ing all water resources, including wastewater effluents from municipal and
industrial sources. The Republic of South Africa has made water reuse for
agricultural and municipal purposes an official policy of the Office 'of
Commission for Water Research, and it has also established guidelines relating
to the health aspects of reuse. Of the developing countries, India was one.of
the first to recognize the importance of wastewater reuse in agriculture, both
as a water pollution control strategy and as a way of increasing irrigated
agricultural areas. Irrigation is badly needed to augment crop production in
that country, which suffers from severe problems of malnutrition. Wastewater
reuse for agriculture and for industrial purposes has been strongly promoted
in India's governmental policy.
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The United States, through the Clean Water Act of 1977, empowered its
Environmental Protection Agency to promote wastewater treatment and disposal
systems that wutilize 1land treatment processes to reclaim and recycle
wastewater. The government promoted this policy in part by providing
financial incentives that would encourage land application of wastewater. A
long-term goal of this legislation was to develop a national plan for
wastewater treatment, including land application of wastewater, that was to
achieve '"zero" discharge of wastewater to rivers by 1985. The overall goal
was to drastically reduce the pollution loads on the waterways of the
country. Thus, the United States began to act on the principles first set
forth by the First Royal Commission on Sewage Disposal in England some 110
years earlier., Some of those principles had in the meantime been abandoned in
their country of origin.

During the past 100 years, then, the concept of land application and
wastewater reuse has gone through a complete cycle. Starting with official
blessing and enthusiastic initiation of land application and sewage farming
projects in England, Europe, and the United States, it soon became almost the
sole method of disposing of municipal wastewater. In the early years of the
twentieth century, however, projects were often ill-conceived, inadequately
funded, and poorly regulated, and thus were eventually abandoned. Subse-
quently, the concept of reuse fell into disrepute. Today, wastewater reuse is
becoming widely accepted once again, except that now it is based on more
rational scientific and engineering principles. In some countries it is used
to control water pollution, but more frequently it is seen as an economically
feasible source of water in water-short areas.

1
.

EXAMPLES OF CURRENT WASTEWATER REUSE PRACTICES IN AGRICULTURE
AROUND THE WORLD

United Kingdom

Although England served as the cradle of sewage farming and land
application, the number of land application sites reached a peak of some 60 in
1870, and then, for the various reasons described earlier, dropped to only a
few sites in the years up to 1955. By 1980, however, the number of land
application sites had climbed back to the original peak figure as a result of
renewed interest (Jewell and Seabrook 1979).

The British Isles, despite their reputation for rainy weather,
actually face serious shortages of water. This situation will become even
more severe in the future as the country's population continues to grow.
Therefore, water reuse--either indirectly, through the reuse of effluent
disposed of in rivers, or directly for irrigation or industrial reuse—-will
undoubtedly increase (Eden, Bailey, and Jones 1977). Programs have been
formulated for controlled intentional indirect reuse in some river basins such
as the Mardyke River, and direct reuse for industrial purposes is widely
practiced. In addition, major research efforts on various aspects of water
reuse are now under way.



United States

In 1940 there were only about 150 wastewater land treatment plants in
the United States, but by 1980 there’were some 3,400 projects utilizing
wastewater for agricultural, industrial, and recreational purposes such as
irrigating golf courses and recreational lakes for boating (Jewell and
Seabrook 1979). Most of these projects have received support through public
funds. Although there 1is considerable interest in using wastewater for
municipal purposes at a number of sites in the United States (Denver, Colorado
is one, for example), nd projects of this type have yet been approved.
However, wastewater is being reused for groundwater recharge, particularly in
California, where a portion of the water enters the drinking water supply
after infiltration through the aquifer and dilution with groundwater.

Recycling efforts in California give an idea of the extent of waste-
water reuse in the more arid areas of the United States. According to Ongerth
and Jopling (1977), in the late 1970s California had 850 community sewage
systems serving a population of 19.4 million. The total volume of municipal
and industrial wastewater was about 2.3 billion gallons per day (210 million
cubic meters [MCM] per gear), and almost 70 percent of the wastewater"
generated in the coastal areas was discharged into saline water. About 7
percent of the total wastewater flow was reused through planned reclamation
operations., The mineral quality of roughly two-thirds of the total wastewater
flow produced by the state is suitable for reuse, ‘whereas the other one-third
contains dissolved solids in excess of 1,500 milligrams per liter and would
require demineralization for unlimited agricultural reuse.

According to a 1975 inventory of water reclamation operations in
California conducted by the Department of Health, the state had a total of 200
reclamation facilities at that time. These facilities provided reclaimed
water for a number of uses: nonfood crops (including fodder, fiber, and seed
crops—-142 projects); landscape irrigation (including parks, golf courses, and
highway landscapes--42 projects); £food crops §Prchards and vineyards—-32
projects); planned groundwater recharge (7 projects); ornamental lakes (5
projects); industrial use (8 projects); recreational lakes {5 projects); and
wildlife habitats (3 projects). Other applications——-such as groundwater
recharge by injection, greenbelt 1irrigation, fire protection, and road
compaction--have employed reclaimed water only to a limited extent. An
additional seventy operations were either in the planning or construction
stage or were land disposal systems that might be considered possible
reclamation operations. The California survey provides detailed information
on the scope of wastewater reuse in an area where climate conditions are
optimal for such a practice.

Israel

One of the countries that has carried out a highly detailed survey of
wastewater reuse projects is the State of Israel. Figure 1-2 provides
information on the total volume of wastewater produced in the urban areas of
Israel between 1963 and 1982. It shows the volume that is actually collected
by central sewerage systems and the annual volume purified in treatment
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Fig. 1-2. Agricultural reuse of municipal
wastewater in Israel, 1963-82. Source:
Office of the Water Commissioner 1983.

plants, as well as the volume utilized in agriculture (Office of the Water
Commissioner 1983). In 1963, the total quantity of sewage produced by the
urban sector in Israel reached 120 MCM/yr. Seventy percent of this gquantity
was collected by central sewerage systems, 26 percent of the total was
purified in treatment plants, and some 6 percent of the total was utilized in
agriculture. By 1982, the total amount of potentially utilizable sewage
produced in the urban areas of Israel had almost doubled at 211 MCM/yr, with
91 percent of that flow reaching central sewerage systems and 57 percent of
the effluent treated by various types of treatment processes (mainly oxidation
ponds). Some 50 MCM of the wastewater was utilized dire