Addis Ababa University
College of Technology and Built Environment

School of Built Environment
Department of Infrastructure and Technology Management

Intermittent Water Supply and Aging Infrastructure as
Determinants of Water Quality: Evidence from
Lideta Subcity, Addis Ababa, Ethiopia

By: Dawit Degefa

May, 2025

Addis Ababa, Ethiopia



This is to certify that the thesis prepared by Dawit Degefa Intermittent Water Supply and Aging
Infrastructure as Determinants of Water Quality: Evidence from Lideta Subcity, Addis Ababa,
Ethiopia and submitted in fulfillment of the requirement for the degree of master of science in
Infrastructure and technology management complies with the regulations of the university and meets

the accepted standards for originality and quality.

Approved by the board of Examiners:

Advisor: Signature Date
Examiner (Int.): Signature Date
Examiner (Ext.): Signature Date
Chairperson: Signature Date

Department Head: Signature Date

11



DECLARATION

I, Dawit Degefa, registration number GSR 8947/16 do here by declare that this thesis is my original

work and that it has not been submitted partially or in full by any other person for an award of a

degree in other universities.

Name of Candidate ; Dawit Degefa Signature date

This thesis has been submitted for examination with my approval as university supervisor.

Name of advisor: Signature: date:

111



Acknowledgement
It is with sincere gratitude that I express my heartfelt appreciation to all who have supported and

contributed to the successful completion of this thesis.

First and foremost, 1 give thanks to Almighty God for granting me the strength, wisdom, and
perseverance throughout this journey. I also offer deep reverence to His Virgin Mother, Saint Mary,
the Angels, and all the Saints who continuously intercede for and serve humanity with compassion

and grace.

I am especially grateful to my academic advisor, Mr. Tesfaye Hailu, whose insightful guidance,
constructive feedback, and steadfast support have been instrumental in shaping this work. His

mentorship has been a cornerstone of my academic progress.

My sincere appreciation also goes to the residents of Wereda 04 and 05 of Lideta Sub-City, as well
as the dedicated staff and engineers of AAWSA, who provided essential information and support

crucial to the development of this study.

Lastly, I extend my warmest thanks to everyone who, in one way or another, has contributed to the
realization of this research—your encouragement, assistance, and belief in my work are truly valued

and remembered.

Thank you All!

v



Table of Contents

ACKNOWIEAZEIMENL ......cciiiiiiiieieeeee et re e et e et e e b e e e taeesebeeesseesssseesssaeesnseesnnseens v
LISE OF FIZUIES ..veieiiieeiieeeiee ettt ettt ete e et e e et e e s teeesabeeesebeeenbaeesssaeesseesssseesnsasesnsessnnseens X
5 o) 1o (PSP X
LISt OF ACTOMYINIS ...viieiiieeiiee ettt eeiee ettt et e et e et e e e ebe e e tbeeestaeeseseeesssaeassaeessseeesssaesssseesnsesessseennses X
UNT S ettt ettt bttt bbbt b e et b e bt s bt e bbbt b e e bt eb e bt sb e bt ebesbe b b X
F N o1 5 2T USRS xi
1. INTRODUCTION. ...ttt sttt sttt st sb e s sb e st besbe bbb 12
1.1. Motivation Of the STUAY ......ccviiiieiiiecie ettt e e saaeeaaeens 12
1.2. back ground of the StUAY ........cooiiriiiiiiiie e 12
1.3 Problem STALEIMENL . .....ccuvietieiieiieeteeite ettt ettt et ste et e st e et et e seeeesteesbeesnteenneesneesnseens 15
1.4 ODBJECLIVES ..veeniteeiiieiieeiie ettt ettt ettt et et e st et e st esate e bt e s st e enseenseessseenseenseesnseenneenneesnseens 16
GENETAL ODJECHIVE: ..ouevieitieiieeiieeteett ettt ettt et ettt et e st e st e e bt e ssteenseenbeesnseenseenseesnseens 16
1.5. ReSCarch QUESLION ......cccuiiiiiiieiiieciie ettt e et ste e et e e e tr e e seteeesebeeessaeessreeesssasensneenns 17
1.6 Significance of the StUAY ........cooiiiiiiii e e 17
1.6, Scope Of the StUAY ....cooiieeieee e 18
1.7 LAMIEATIONS ..ottt ettt ettt sttt et e st e et e sbeesnteeseesaeeenbeenneennee 18

2. LITERATURE REVIEW ....ooiiiiiiiiiiiiteecttee ettt ettt ettt sttt e 20
2.1. INEPOAUCTION ...ttt ettt et et e et e et e e taeesseeseesaseenseenseeeens 20
2.2. TheoretiCal REVIEW ......cccuieiiiiiiieiieieecee ettt st ae et esabeebeesaaesnneens 20
2.2.1. Infrastructure Lifecycle and Water Quality Deterioration............cecceveeveeneeieneenienneene 21
2.2.2. Public Health Impacts of Intermittent Supply and Aging Infrastructure...................... 21
2.2.3. Hydraulic Defects in Intermittent Supply Systems ..........ccceevvevirieneniiinienenienieeene 22
2.2.4. Materials Degradation and Water Contamination ..............ceceeveereeenieeniensieeneeneennenns 22
2.2.5. Smart Infrastructure and Systems-Based SOIUtIONS .........ceeveeriiiiieiiiniiiiecieeeee 23
2.2.6. Toward Integrated Theoretical APPlICAtIONS ......c.eeeecviieriieeiiieeiieeee et 24
2.2.7. Linking Infrastructure Lifecycle Theory to the Study Title ........c.cccooeeviiniinninninens 26
2.2.8. Integrating Public Health Theory into the Study Title ..........coooveriiiiiiiniiniiiieieee 26
2.2.9. Synthesis of Theories Based on the Research Title..........cocceveeiiiniiiiiiiiiiie e, 27

0 T 1] 141 0] 5 o) 1SR 28
2.3.1. Systems Theory ASSUMPLION .......cc.eieriiieiieieeiieecieeeciee et e ere et eesereeereesbeeessseeessee e 28
2.3.2. Infrastructure Lifecycle ASSUMPLION .......cccevieieiiieeiiieiiee et e e 29
2.3.3. Intermittent SUPPLY ASSUMPLION .....ccvuviieriieiiieeiieeeieeesiee et erreeeeeesreeesereeearee e 30



2.3.4. Public Health Risk ASSUMPLION ......cccviieiiiiiiieeiiiieciieesiee et e eeesreeesereeeanee e 31

2.3.5. Environmental Interface ASSUMPLION.........ccceveieiiieriiieiiie et esree e e e e eseree e e 32
2.3.6. Socio-Technical Systems ASSUMPLION .......cecveierieeeciiieiieeeiieeereeesreeeeeeereeesereeesanee e 33
2.3.7. Cumulative Vulnerability ASSUMPLION ........cccveiiiieeeiiieriieeiee et eeree e e e esreeeenee e 34
2.4 Conceptual  1eVIEW frame WOTK ........cceeveiiiiiiiieiiiccc et 35
2.4.1 Conceptual framMEWOTK..........coovuiiiiiiieiiecie et ee e 35
2.4.1.1 Intermittent Water SUPpLy (IWS) ..cooeeeeiieieeee e 35
2.4.1.2 AgING INraStIUCLUIE .....eoviiiiiiiiieiieeie ettt sttt e e e seneens 36
2.4.1.3 SUPPlY REHADIIIEY .. .ceeuiieiiiiiieeieeiee ettt sttt 37
2.4.1.4 Perceived Water QUAlILY .......c.coouieiiiriiiiieiiecieeeeeee ettt 37
2.4.1.5 Interrelation of Variables .......c...ccoiiiiiriiiiiiiiieicctcee e 38
2.4.1.6 Case Context: EthiOpia........cccecieiieiiiiiieiieeieeieeiese ettt 39
242 Conceptual REVIEW .....c..eiviiiiiiiiieie ettt st e 39
2.4.2.1 Intermittent Water Supply (IWS) .c..cooiiiiii e 39
2.4.2.2 Impact of IWS on Microbiological and Chemical Water Quality ............cccevverrernnenne 40
2.4.2.3. Aging Infrastructure: Causes and CharacteristiCs ...........cecvvereeriueerieereeriieeneenieseens 40
2.4.2.4 Supply Reliability and Consumer Behavior.............cccuevieeiienieniiienienieeeeeese e 41
2.4.2.5 Perceived Water Quality: The Social Dimension............cceccvevverieeneenieeiieenienieeeens 41
2.4.2.6 Public Health CONSEQUENCES ......cc.eevuiiriieiieriieeieeitieeiie ettt seeseeesaee e sneeens 42
2.4.2.7 Models and Frameworks from the Literature...........cccccoceeveriininienenicnecnieneenenee 42
2.4.2.8The Ethiopian Urban Water CONEXL ........ccueevuiriuieriierieeieeiiesieseeeiee e sve e seeseeens 43
2.4.2.9 Intermittent Water Supply — Pressure Instability — Contamination..........c..cc.......... 44
2.4.2.10 Aging Infrastructure — Structural Failure — Contaminant Ingress ..........c..ccccce...... 44
2.4.2.11 Interaction: IWS and Aging Infrastructure ............eecveeieerieniieniieereeeie e 45
2.4.2.12 Poor Water Quality — Sensation of Unsafe Water ............coccevvvvevieneniieenienieeins 46
2.4.2.13 Coping Behaviors — User Perception — Health Risks..........ccccoevverieniiienieniens 46
2.4.2.14 Water Supply Reliability and Health Effects..........cccoooieniiiiiniiiiieeeeeee 47
2.4.2.15 Application of the Hazen-Williams Equation.............ccccoevverieniiienienie e 48
2.4.2.16 Intermittent Water Supply and Aging Infrastructure.............cceevveevverieecieeneenieeienns 52

3. RESEARCH METHODOLOGY .....ooutiiiiiiriiniiniinieeieriteieeieeiteie sttt 55
3.1. ReSEarch DESIZN.....c..ovuiiiiiiiiiiiiiecc e s 55

Vi



3.2. Description of the StUAY ATCa........ccoviiieiiiecieeeee e e 55

3.3 SAMPIINIE...eiiiiieieieeeee ettt e et e e et be e et eesstbeesebe e e sbeesbaeeasbeeeanbaeerbeeenbeeeanraeenreen 57
3.4.  Data Collection Method..........coceeiiiiiiiiiiiiiiiiiiiiicccecc e 61
34. ThE QUESTIONNAITE ........vvieiieieiieeeiieeeteeesteeereeeteeesbee e ebeeetaeesebeeessseeessseessseesssseeensseennnes 63
3.5.  Analytical & Empirical framewWorK...........c.ccooviieiiiieiiiiiiee et 64
3.6. Data Analysis MEthOAS ........ccccuiiiiiiiieiiieciee ettt seree e sreeeenee e 65
3.6.1. Quantitative Data ANALYSIS........cccuieieiiierieeiiiieciee et erreeetee e eree v e erre e sreeeeree e 65
3.6.2. Qualitative Data ANALYSIS.....c.cerieriiieiieiieiieeiierie ettt ettt et e st ens 65
3.6.3. ComPArative ASSESSINENL .......cc.eeriieiuiertierteetierieeteenteeseteeseesseeseeeeseesseesnseenseesseesnseens 66
3.7. Hydraulic and Water Quality Modeling and Risk MatriX .........cccccoveveeviienienienncennnne, 66
3.7.1. Hazen-Williams Equation for FIow VelOCItY .........cccevieviiiiiieiieniieieecie e 66
3.7.2. Water Age (Residence Time) EStMAtion ..........cccueevveerieiieeiiienienieeieesee e eveeseee e 67
3.7.3. First-Order Chlorine Decay Model ..........ccceevuieiiiiiiieiiecieeieeeeeee e 68
3.7.4. Pressure Drop Estimation (Head LOSS) .....ccvevuieriiiiiieiieciecieeeecee et 68
3.7.5. Qualitative Link Model: Risk Matrix Integration ............cccceeceeverienienienennienceieneenne. 69

4. RESULT AND DISSCUSSION ..ottt sttt 72
4.1. INEEOAUCTION ...ttt ettt et e e tb e e b e e saaeesbeeseessseenseenseenens 72
4.2. Empirical Results from Hydraulic Modeling.............cccevievinieninienieieceeceeeee, 73
4.3. Field Observations and Technical INSPECtioN ...........cccoereeriirienienienieieneee e 79
4.4. Quantitative Survey Data ANaLYSis ......ceevvierieriieiieierieecere e 82
4.5.  Comparative Analysis with WHO Standards..........cccceeceeriiiiiiniiniiiieiecieeeeeeee 86
4.6.  Qualitative Insights from Household INterviews ...........ccoecueeviienienieenieniesieeicesee e &9
4.6.1. Recurring Themes and Resident Narratives ............cceevvereeriieenienienie e 90
4.6.2. Reflection on FINAINGS .....ccvieiieiieiieeieeiiecee ettt sttt 91
4.7. Integrated Interpretation of FINAINgS .......ccevveviieiiienieieeee e 92
4.7.1 Converging Evidence of Systemic RiSK.........ccccoeviiriiieiiiniiiiieee e 92
4.7.2 Infrastructure, Intermittency, and Household Behavior...........cccccoooeviiienieniiiiiiieieee 93
4.7.3 Perception as a Public Health Indicator...........ccooveviieiiiiniiiiieiee e 93
4.7.4 A Cycle of VUINETADIILY ......ooiuieiiieiiieiiecie ettt st e ens 93
4.7.5 Implications fOr INEIVENTION ........eecvieiiieriieeie ettt ettt eeaeeseesaeesnneens 95
5. Conclusion & Recommendations..........c..cecuerieriiriiniiiieieeieseee ettt 96
510 CONCIUSION ..ottt ettt et ettt st eane bt eanens 96
5.2, RecOMMENAATIONS.....cc.eiiiiiiiiiriiiiiiietceteeet ettt sttt sttt 97

Vil



REFERENCE ...ttt ettt st et ettt et e b e sttt e st et e b e 99

APPENDIX ...ttt ettt ettt ettt et sttt e e a et et et e st et e st e b ent e beenteeaeennas 102
AL QUESTIONNAITE ......veieiiieetieeeieeeetiee ettt e et e eetteeeetteeeteeeetveeeetteeeeteeeseseeessseeeesseesreeesereeensseeenses 102
A-2. A Case-Based SITAtEZY ......ueeeveieiiieeiieeeieeetee ettt e e reeste e e steeetaeesebeeessbaesnraeessreeensaesnnaeas 107
A-3. PUDLIShable ATTICIE .....ooiiiiieeiieiieee ettt sttt e b e saaeenneeneeas 112
5.3 User Perception, Behavior, and Feedback LoOpS .......c.ccocuveiieiiienieniieiecieceeece e 120

Viil



List of Figures

Figure 2-1 IWS-Aging Infrastructure Impact Model ...........ccceeviieriiniieiieieeeseee e 15
Figure 3-1 StUAY area Map.......ccccuvieeiiieieeciie ettt tee e e e ere e sereeeetreesnbeesnseeessseessnaeennns 30
Figure 3-2 study area pipe LlaYOUL .......cccvieeiiieeiieiiieeee ettt et etae e e eae e e eeeareeenenes 31
Figure 4-1: A Cycle of VUINETability .......ccccccviviieiiiiiieiiesiecie e 59
List of Tables

Table 2-1Summary of Key Cause-Effect and Correlation Pathways ..........ccccoceevieniiniinncnnnnne 26
Table 3-1: Conceptual RiSK MatriX........ccieviieriierieeieeieeieesee et esee e ete e sae e e sneesseeseesenas 39
Table 4-1: Summary of Flow Velocity Distribution Across Key Pipe Sections ...........cccccuvennenn. 41
Table 4-2: Estimated Water Age (Stagnation Time) by Node Location ..........ccceceeveveeneeneennene 42
Table 4-3: Simulated Chlorine Residual Concentration at Critical Nodes ..........cccoceeveriinennne 42
Table 4-4 Identification of Critical Risk Zones Based on Combined Indicators .............cccoeuenne. 43
Table 4-5 Summary of Observed Infrastructure Conditions in High-Risk Zones ....................... 45
Table 4-6Common Field Indicators of Infrastructure Aging and Risk ..........ccocceevieniinieniiennn. 46
Table 4-7 Demographic Profile of Respondents ............ccccoceeverieninieninienecceeeseeeseeeene 48
Table 4-8 Reported Supply Relability ........cccooeiiiiiiiiiiiiiiieiceeeeee e 48
Table 4-9 Household Perceptions of Water Quality .........ccccoevieviiniiniiinienieeeece e 49
Table 4-10:Coping Strategies in Response to Water Supply or Quality ISsues .........ccccceceeeenneene. 49
Table 4-11 : Infrastructure and Complaint Correlation .............coeceeveerieneeiienenieieneeeseeee e 49
Table 4-12 Summary of Compliance with WHO Guidelines by Indicator...........c.ccocceeeniencnnnee. 51

X



List of Acronyms

AAWSA Addis Ababa Water and Sewerage Authority
IWS Intermittent Water Supply

WHO  World Health Organization

NTU  Nephelometric Turbidity Unit

HDPE High-Density Polyethylene

PVC  Polyvinyl Chloride

PRV  Pressure Reducing Valve

WTP Water Treatment Plant

GIS  Geographic Information System

CWS Continuous Water Supply

HGL Hydraulic Grade Line

UNTS

km Kilometer

m Meter

mg/L  Milligrams per Liter

C Roughness Coefficient

\Y Velocity (in Hazen-Williams Equation)

Q Flow Rate



Abstract

This study assesing the compounded effects of intermittent water supply (IWS) and aging
infrastructure on water quality in Wereda 04 and 05 of Lideta Sub-City, Addis Ababa. Utilizing a
mixed-methods approach, the research integrates hydraulic modeling—applying the Hazen-
Williams equation, chlorine decay analysis, and water age estimation—with field inspections,
household surveys, and stakeholder interviews. Framed by systems theory, infrastructure lifecycle
theory, and public health models, the study identifies critical zones with low flow velocities (below
0.3 m/s) and extended water residence times (exceeding 8—10 hours), which contribute to reduced
disinfectant levels and microbial contamination. Field observations revealed severe pipe corrosion
and leakage, while community feedback highlighted discolored water, unpleasant odor, and reliance
on unsafe coping strategies such as prolonged storage and alternative water sources. The findings
confirm that IWS and aging infrastructure interact to degrade water quality and public trust. In
response, the study recommends: Prioritize Replacement of Aged and Corroded Pipelines,
Reconfigure Network Layout to Reduce Dead-End Segments, Upgrade Storage and Elevation
Infrastructure, Establish Routine Maintenance and Inspection and Integrate Hydraulic Modeling

into Planning .

Key Words: Intermittent Water Supply (IWS), Urban Water Quality, Ageing Water Infrastructure,
Hydraulic Modeling, Chlorine Decay
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1. INTRODUCTION
1.1. Motivation of the study

The research is motivated by the heightened sense of urgency created by the growing challenges
of intermittent water supply and the aging-associated infrastructural issues in Addis Ababa,
especially in highly populated and older sub-cities like Lideta Sub-City. The city's rapid
expansion has placed enormous stress on the existing water supply infrastructure, which is
largely outdated and badly maintained, resulting in frequent breakdowns and degradation of
water quality. These are not simply technical problems; they also pose severe public health risks
through contamination and exposure to unclean water. In spite of the activities of the
government agencies and water supply companies to enhance availability and develop
infrastructure, supply interferences and reduced piping standards continue to be a problem,
particularly in communal environments. This research tries to bridge this existing knowledge
gap by examining the cause-and-effect link between intermittent water supply, aging
infrastructure, and water quality. The findings will provide meaningful recommendations that
can guide more focused and sustainable solutions towards enhancing water service provision in

urban Ethiopia
1.2. back ground of the study

Water is an essential resource for human life, health, and socio-economic development. Safe and
secure water supply is a worldwide urgent issue, particularly in low- and middle-income nations
where rapid urbanization, population growth, and aging infrastructure exacerbate water supply
issues (WHO/UNICEF, 2020). Over 2.2 billion individuals lack access to safely managed drinking
water, with a large proportion being burdened in sub-Saharan Africa (WHO/UNICEF, 2021).
Intermittent water supply, or the irregular and unreliable supply of water, undermines water quality
and poses severe public health risks to over 1 billion individuals (Kumpel & Nelson, 2016). aging
infrastructure, too often left unaddressed for lack of technical and fiscal ability, adds to these

concerns by increasing the danger of leaks, pipe ruptures, and contamination (Vairavamoorthy et
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al., 2008). These global patterns highlight that water supply facilities and the status of water supply
systems must be tackled forthwith as key drivers of public health and water quality.
Sub-Saharan African water supply infrastructure is especially under pressure from urbanization,
low infrastructure investment, and weak governance (UN-Habitat, 2014). An example is
Ethiopia, which is one of the most rapidly urbanizing countries in the region. Ethiopia's urban
population will double by 2037 and place gargantuan pressure on existing water supply
infrastructure (World Bank, 2020). In major cities like Addis Ababa, water demand has been
growing exponentially owing to population growth, rural-urban migration, and industrialization
(AAWSA, 2021). According to a study, only 66% of the inhabitants of Addis Ababa have access
to drinking water, and sub-cities have massive differences (Gebremichael et al., 2019). Non-
revenue water (NRW), such as pipe burst and leakage losses, exceeds 35% of the city's fresh
water production, far beyond the World Bank guideline benchmark of 25% (World Bank, 2021).
Such inefficiencies validate the imperative link between water supply infrastructure,
infrastructure condition, and water quality in Ethiopian cities.

The condition of water supply infrastructure directly affects water quality and public health
consequences. Corrodible pipes, which are typically made of materials susceptible to corrosion,
enable contaminants, including pathogens, to gain entry into the water supply system (Kumpel
et al., 2017). Intermittent supply exacerbates the risks by adding the situation of low pressure,
which results in back-siphoning of contaminants into the system (Lee & Schwab, 2005). In
Addis Ababa, studies have shown that 6% of tap water samples are fecally contaminated and
low residual chlorine in distribution systems causes regrowth of bacteria (Dinka, 2018). All
these escalate the cases of waterborne diseases such as diarrhea, cholera, and typhoid fever
among vulnerable groups such as children under five years (Mengesha et al., 2019). It was found
from a study in Addis Ababa's slums in 2017 that intermittent water supply was associated with
the high prevalence of children's acute diarrhea because it reflects the public health consequence
of irregular water supplies (Beyene et al., 2017). The interrelation between water supply
reliability, infrastructure condition, and public health necessitates the implementation of
integrated approaches to water management with emphasis on infrastructure expansion and

uninterrupted supply schemes.
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In Lideta Sub-City, one of the highly populated administrative wards of Addis Ababa, the state
of water supply is the same as that of the city as a whole but aggravated by local circumstances.
Lideta, as a mix of informal and formal urban settlements, are plagued by chronic water
shortages, regular supply interruptions, and over-reliance on aging infrastructure (AAWSA,
2021). The water supply infrastructure of the sub-city, which in most instances is decades old,
has excessive leakage and pipe loss rates (Tsegaye & Tadesse, 2022). The citizens will use
public water points or illegal water vendors, exposing the citizens to contaminated water once
more. Rainwater also exacerbates the issue of water quality as the runoff gets into the poorly
designed pipes, with the pathogens lingering in the system (Dinka, 2018). Despite such issues,
little evidence exists on the effects of intermittent water supply and aging infrastructure solely
on water quality in Lideta Sub-City, thus the gap in knowledge this study tries to fill.

General Issues of Water Supply and Infrastructure in Lideta Sub-City

Lideta Sub-City, which is found in the central part of Addis Ababa, also faces serious issues of
water supply and infrastructure. Its water supply infrastructure also experiences frequent
disconnections, and its residents get the water supply for specific days of the week (Tsegaye &
Tadesse, 2022). It is also marked by old pipes, the majority of which are corroded and cracked,
with high water loss and risk of contamination. Addis Ababa, and Lideta, are estimated to lose
35-40% non-revenue water that points to system inefficiency (AAWSA, 2021). High population
density and mixed settlement pattern marked by slums in the sub-city further deepen the
inequalities in water access with poorer households relying on public tap points or costly water
vendors. Poor maintenance of infrastructure due to a lack of finance and institutional capacity
erodes gains towards system transition. Periodic flooding during the rainy season also
aggravates water quality by letting impurities into the distribution system (Dinka, 2018). All
these issues call for a study to explain how intermittent supply and aging infrastructure
specifically aggravate water quality in Lideta Sub-City.

Water supply challenges in Lideta Sub-City, Addis Ababa, hinder the attainment of Sustainable
Development Goal 6 (SDG 6) which aims at universal access to safe water and sanitation by 2030
(UN, 2015). The aging infrastructure and intermittent supply, as well as 35-40% non-revenue water

caused by system losses and pipe breakage, compromise the quality of water. In Addis Ababa, about
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6% of tap water samples have been reported to contain fecal contamination, increasing the risk
of waterborne diseases such as diarrhea and cholera (Dinka, 2018; Beyene et al., 2017). Rapid
urbanization, coupled with underinvestment in water infrastructure, further limits equitable
access to safe and reliable water in densely populated sub-cities such as Lideta (World Bank,
2020). Periodical flooding during the rainy season also introduces other pollutants into aged and
poorly maintained systems, negating SDG 6's water quality and safety goals (UN, 2015;
AAWSA, 2021). Research, monitoring, and systematic infrastructural upgrades are therefore
necessary to streamlining Lideta's water supply systems in accordance with the global ambitions
under SDG 6.

Distinguishing between intermittent water supply and rationed water

Intermittent water supply (IWS) refers to a situation where water is delivered to consumers
only for limited and often unpredictable hours, usually due to infrastructure limitations, low
supply, or system inefficiencies. This results in empty pipes between supply periods, increasing
risks of contamination and pressure loss (Kumpel & Nelson, 2016). In contrast, rationed water
distribution is a planned and controlled allocation of water, typically implemented during
droughts or crises. It involves scheduled delivery to manage scarcity fairly, and although supply
is limited, it is more predictable and managed through official policies (WHO, 2014).

1.3 problem statement

Access to safe and reliable drinking water is a fundamental public health necessity and a core
component of sustainable urban development. However, in many low- and middle-income
countries, including Ethiopia, urban water supply systems are increasingly undermined by two
compounding challenges: intermittent water supply (IWS) and aging infrastructure. These dual
pressures not only threaten the physical integrity of distribution systems but also pose severe risks
to water quality and consumer health (Kumpel & Nelson, 2016; WHO/UNICEF, 2021).

In Addis Ababa, particularly in Lideta Sub-City, residents experience irregular water delivery
schedules, often receiving water only a few times per week. This intermittent supply results in
pressure fluctuations, stagnation, and back-siphonage, which increase the risk of microbial and
chemical contamination entering the pipeline system (Lee & Schwab, 2005; Ercumen et al., 2014).

Simultaneously, the infrastructure in areas like Wereda 04 and 05 is decades old and characterized
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by corroded pipes, structural failures, and high leakage rates, further compounding vulnerability to
contamination (Basha et al., 2021; AAWSA, 2021).

Field reports indicate that up to 35—40% of the water produced in Addis Ababa is lost as non-revenue
water, much of it due to aging infrastructure (World Bank, 2020). In Lideta Sub-City, this loss is
accompanied by consumer complaints of discolored water, foul taste and odor, and frequent
interruptions—all indicators of compromised water quality. The lack of consistent chlorination,
coupled with prolonged residence time in degraded pipelines, exacerbates the decay of chlorine
residuals and microbial regrowth, threatening public health (Dinka, 2018; Mengesha et al., 2019).
Despite these urgent challenges, there is a lack of localized, evidence-based research that
specifically examines the interactive effects of IWS and infrastructure aging on water quality at
the sub-city level in Addis Ababa. This gap limits the ability of local water utilities and
policymakers to design targeted interventions that address both physical infrastructure

vulnerabilities and health risks.
1.4 Objectives

General Objective: The general objective of this is to asses the compounding effects of
intermittent water supply and aging infrastructure on water quality and user perception in Lideta
Sub-City, Addis Ababa, and to identify the specific mechanisms through which these factors act

as determinants of water quality degradation

Specific Objectives:

e To asses the water pipes' condition and age and how they are responsible for water

quality deterioration.

e To asses the level of contribution of intermittent supply and ageing pipes in compound

effects on water quality outcomes

e To provide recommendations on how the quality of water can be enhanced by upgrading

pipes and consistency in supply practices.
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1.5. Research Question
1. To what extent does aging infrastructure affect the quality of water in Lideta Subcity?

2. How does intermittent water supply contribute to the degradation of water quality
within the distribution system?
3. How do residents perceive and respond to water quality challenges associated with

these system failures?
1.6 Significance of the Study

This study is significant as it addresses the critical and often overlooked relationship between
intermittent water supply, aging infrastructure, and water quality in urban settings, with a
specific focus on Lideta Sub-City in Addis Ababa. In areas where water delivery is inconsistent
and infrastructure is deteriorating, the risk of contamination is high, leading to increased
exposure to waterborne diseases such as diarrhea, typhoid, cholera, and other gastrointestinal
infections. These health risks disproportionately affect vulnerable populations, including
children, the elderly, and low-income households who lack alternative safe water sources. By
providing empirical evidence on how infrastructure conditions and supply patterns contribute
to water quality degradation, this study contributes to a better understanding of the public health

implications tied to urban water service delivery.

The findings of this research are expected to benefit a range of stakeholders. Urban planners
and water utility authorities, such as the Addis Ababa Water and Sewerage Authority (AAWSA),
can use the results to prioritize infrastructure upgrades and develop targeted interventions in
high-risk areas. Public health officials and policymakers may rely on the findings to design
strategies that address the root causes of waterborne disease outbreaks. Researchers and
academic institutions will also benefit from the study’s contribution to the growing body of
knowledge on water supply and infrastructure challenges in African cities. Most importantly,
residents of Lideta Sub-City and similar urban neighborhoods stand to benefit through improved

water service planning and interventions that enhance water quality and reduce health risks.
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1.6. Scope of the Study

Geographically, the research is focused on Lideta Subcity—i.e., Woreda 4 and Woreda 5—
of Addis Ababa. In a case study, it integrates field data collection and empirical analysis to

investigate the impacts of intermittent supply and aging facilities on urban water quality.

Thematically, the thesis assesses the impact of intermittent water supply and aging
infrastructure on water quality in Lideta Sub-City, Addis Ababa, Ethiopia, focusing on
physical, chemical, and microbiological water quality parameters, infrastructure
conditions, and their public health implications. It explores how factors such as pressure
fluctuations, corroded pipes, and inadequate maintenance contribute to water
contamination and waterborne diseases, particularly in Wereda 04 and 05. The study
engages stakeholders like the Addis Ababa Water and Sewerage Authority (AAWSA) and
local residents to gather insights and inform evidence-based strategies for improving water
safety and infrastructure management, aligning with sustainable development goals for

clean water access.

The study lasted for five months. From December 2024 to May 2025. Data was gathered
through literature review, field data gathering, of water quality, interviews with the
stakeholders concerned, and data analysis. The period allowed identification of seasonal
variation in the performance of water supply behavior and infrastructure, especially during
the rainy and dry season. The findings are the state of affairs currently and reflect the
trends in water quality, infrastructure problems, and supply aberrations typical of Lideta

Sub-City at the current moment.
1.7 Limitations

The study focuses solely on perceived water quality without laboratory-based water quality
analysis, potentially limiting its ability to precisely quantify specific contaminants. Resource

constraints might limit the depth of field observations and the number of survey respondents.
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Limited Infrastructure Inspection — Physical inspection of pipe degradation (e.g., internal
corrosion, biofilm growth) can be restricted by the impossibility of physical inspection of

buried pipelines.
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2. LITERATURE REVIEW

2.1. Introduction

Urban water infrastructure in rapidly urbanizing cities like Addis Ababa is increasingly under
threat from intermittent water supply (IWS) and ageing infrastructure—two of the primary
factors that erode the safety and reliability of safe drinking water. The challenges are at their
worst in lowincome urban areas where infrastructure investment lags behind population
growth and operational management is periodic. In Lideta Subcity, the interplay between
broken pipes and unintermittent water supply has brought on severe problems in regard to
water quality and health. In the case of such related challenges, the following literature review
covers conceptual and empirical strategies. It is organized in three sections: a conceptual
framework with definitions of key constructs, a theoretical framework that positions the study
within broader infrastructural and public health theory, and a context of reviews of relevant
local and international studies. These perspectives collectively inform the analysis of how

aging infrastructure and IWS affect water quality outcomes in the study area.

2.2. Theoretical Review

Water infrastructure is not an assembly of individual pieces, but an integrated set of pipes,
valves, sensors, and treatment equipment. Systems theory provides a systems approach to
examine the intricacy of water supply systems. Disturbances in any of these components of this
system can recursively spread across the system and cause systemic risk. He et al. (2021)
emphasizes that systems thinking determines critical feedback loops, like how failure to upkeep
pipes causes pressure loss, enabling contaminants in On-off cycling supply in IWS regimes

degrades hydraulic balance of the system. Non-periodic flow produced by it creates dynamic
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pressure zones, augments biofilm dislodgment, and promotes microbial invasion into the
network (Le Chevallier et al., 2020). Systems theory stresses that coordinated monitoring,
maintenance, and control operations are vital across the entire infrastructure to maintain system

integrity and protect public health.

2.2.1. Infrastructure Lifecycle and Water Quality Deterioration
Theory of life cycle infrastructure supposes that every stage in the life cycle of a system, from
retirement to planning, is responsible for its ability to provide quality services. Over time, water
infrastructure gets worn and tear, corroded internally, and degraded externally. All of them
deteriorate hydraulic performance and water quality (Boller, 2019). Unless repeatedly
reinvested and refurbished, old pipes are microorganism breeding grounds and release toxic

components such as iron and lead into the water system (Zhou et al., 2020).

He et al. (2021) suggest the use of the combination of lifecycle cost analysis and water quality
risk assessment to facilitate timely replacement and upgrading. Liu et al. (2021) suggest
predictive hydraulic modeling as a practice that can assist in identifying when infrastructure is
approaching its point of critical deterioration. These practices can maximize asset useful life

without sacrificing water quality.

2.2.2. Public Health Impacts of Intermittent Supply and Aging Infrastructure
OIld infrastructure and IWS are a public health risk by raising the likelihood of waterborne
disease. Disrupted supply low-pressure areas created contain entry points for pathogens in the
form of cross-connections or leaks, according to the World Health Organization (2021). These

environments disproportionately affect vulnerable subpopulations such as children and elderly.
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Adefolalu et al. (2020) established a strong correlation between IWS and peri-urban
gastrointestinal disease outbreaks. Le Chevallier et al. (2020) suggest that reactivation of biofilm
over pressure oscillations is the root cause of recurring microbial contamination. The public
health model is prevention-based where emphasis is on investment in infrastructure and routine
supply as elementary health protection interventions. Health risk assessment has to be

incorporated into lifecycle planning to inform policy decision-making (WHO, 2021).

2.2.3. Hydraulic Defects in Intermittent Supply Systems
Repetition of supply induces hydraulic instabilities with far-reaching effects on water quality.
Jiang et al. (2021) explain how sudden re-pressurization of old pipes redeposits settled
sediments, increasing turbidity and microbial load. IWS also prevents maintenance of chlorine
residual, where pathogens are afforded space to develop. Liu et al. (2021) argue that dynamic
flow patterns of ageing networks are no longer in a position to provide constant positive

pressure, a main line of defense against penetration by contaminants.

Specialized hydraulic modeling technology must reverse and replicate such effects. Hajializadeh
et al. (2021) believe that real-time monitoring systems will be able to observe pressure zones
and identify leakage zones before time. Such monitoring systems introduce system-level
resilience in the sense that they can accommodate adaptive management strategies given

infrastructure vintage and predictability of supply.

2.2.4. Materials Degradation and Water Contamination

Materials such as cast iron, steel, and polyvinyl chloride (PVC) undergo chemical or
physical degradation over extended periods when exposed to specific environmental

conditions. Cast iron and steel materials undergo corrosion in water to produce rust (iron
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oxides), which affects water quality without generating toxic byproducts in natural aquatic
systems. Polyvinyl chloride demonstrates exceptional degradation resistance maintaining
stability in aquatic environments yet under particular conditions such as incineration or
extended UV exposure it may discharge toxic substances including phthalates and dioxins.
Materials in water systems become microbial biofilm platforms where corrosion spots and

surface irregularities offer microorganisms attachment opportunities.

Cast iron and steel pipes with fractures permit soil-water exchanges that introduce
contaminants into water systems thus degrading water quality. Pratama et al. Research from
2021 shows that temperature fluctuations combined with chemical interactions and
hydraulic shocks speed up material degradation which leads to increased corrosion and

structural breakdown in water systems.

Lifecycle theory guides anticipatory material examination and programmed renewal as the
building blocks. Zhou et al. (2020) theorize that zero reinvestment life elongation generates
combined public exposure to low-quality water. Renewal of infrastructure ought then to be

capacity-planned but also quality-planned.

2.2.5. Smart Infrastructure and Systems-Based Solutions
Smarter water systems combine sensors, automation, and analysis to constitute self-adapting
and sensing networks. The technologies are responsible for managing intermittent supply as
well as vulnerabilities due to aging. Hajializadeh et al. (2021) discuss smarter pressure
regulators and smart valves which modulate flow based on the needs of the system. Utilities
will be in a position to find and eliminate contaminating vulnerabilities before their making it

to customers with Al supportive diagnostics.

He et al. (2021) also allude to systems thinking in deploying this technology. The information

should bridge organizational silos—hydraulic engineers, to public health workers—so that it
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has the ability to respond quickly to emerging threats. Systems theory involves coordination,
resiliency, and adaptability—principles needed in the management of water quality issues under

ancient and intermittent regimes.

2.2.6. Toward Integrated Theoretical Applications
The conjunction of systems theory, lifecycle theory of infrastructure, and public health theory
provides a comprehensive theoretical basis upon which to formulate interventions into water

quality by age and intermittency of supply.

2.2.6.1 Public Health Theory: is more interested in environmental and societal determinants
in affecting the population health outcomes. It is interested in preventing disease by addressing

determinants like clean water, sanitation, and public infrastructure (McMichael, 2013).

2.2.6.2 Systems Theory: views water infrastructure as being part of a resilient interdependent
system wherein breakdown or alteration in one part can have universal systemic effects
(Meadows, 2008). For instance, disruption to supply reduces pipeline pressure, and with reduced
pressure, contaminants can infiltrate through leakage or deteriorated joints, especially in old

systems (Lee & Schwab, 2005).

2.2.6.3 Theory of Infrastructure Life Cycle: is considering the complete life cycle of the
infrastructure construction and design, operation, maintenance, and ultimate replacement
(Grigg, 2012).Integrated Theoretical Applications Each one of them contains valuable insights:
systems theory maps relations and feedbacks; lifecycle theory emphasizes aging and investment

needs; public health theory grounds action on disease prevention.
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It has to include risk-based asset management, smart surveillance technologies, and value-
forpublic-health policy-making frameworks. Split strategies are insufficient, as Adefolalu et al.
(2020) and Le Chevallier et al. (2020) establish. Comprehensive solutions that comprehend the
complex interdependence of structure, function, and human well-being are only able to contain

the systemic crisis in the water systems of most cities.

"Intermittent Water Supply and Aging Infrastructure as Determinants of Water Quality"
addresses the interdependence of various elements of a system that influence water quality.
Systems theory deals with the situation of interdependence and feedback in intricate systems,
and systems theory can be used directly on water supply systems. A water distribution system
consists of pipes, pumps, storage tanks, treatment plants, valves, and monitoring devices that

are interdependent and interact with each other in order to.

Intermittent water supply disrupts the hydraulic balance of distribution systems, leading to
pressure fluctuations that can allow the intrusion of contaminants through leaky joints, cracks,
or deteriorated pipes. This issue is particularly critical in aging infrastructure, where prolonged
material degradation reduces structural integrity (Kumpel & Nelson, 2016). Systems theory
helps explain how seemingly distinct issues—such as supply interruptions and infrastructure
aging—are interconnected within a broader system, where the failure of one component can

trigger cascading failures throughout the network

The theory also emphasizes the role of feedback loops. For example, the failure to seal leaks in
pipelines (something normal in old systems) initiates pressure reductions, which lead to

abnormal supply regimes, ultimately propagating into the water impurity. The water supplies
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distribution's systemicity ensures local issues systematized in the direction of system-

contamination threats, and that is precisely the thematic trend of the research title.

2.2.7. Linking Infrastructure Lifecycle Theory to the Study Title
The theory of infrastructure lifecycle is most obviously connected to the "Aging Infrastructure"
section of the study title. According to the theory, all infrastructure assets, the moment they are
built and developed, start an infrastructure lifecycle with phases such as operation, maintenance,
and gradual deterioration or replacement. With time, water facilities deteriorate, material
properties deteriorate, mechanical parts rust, and the whole system becomes prone to failure.

Water q. is directly affected by this deterioration.

Pressure surges during the re-pressurization of idle pipes in intermittent water supply
systems generate hydraulic shock, which can erode sediments and biofilms accumulated on
aging pipes. Pathogenic microbial communities and heavy metal sediments attached to these

materials can be mobilized, leading to water quality deterioration.

Utilizing the infrastructure lifecycle theory, the research can comparatively examine the way the
extreme age of distribution networks is an underlying cause determinant of water quality. It also
calls for taking preventive maintenance, initial pipe replacement, and integrating asset
management systems into account in order to extend the lifespan of infrastructure and limit

health risks.

2.2.8. Integrating Public Health Theory into the Study Title
Theory in public health is a human-focused method of inquiry that falls under the "Determinants

of Water Quality" topic of the title. Physical environments such as the quantity and quality of
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potable water are key to determining population health outcomes based on this theory. Under
an unreliable supply of water and infrastructural deterioration, public exposure to contaminated

water is greatly enhanced.

Contaminated water can spread a variety of disease-causing pathogens such as diarrhea, cholera,
typhoid, and hepatitis A. All these disease conditions are prevalent among the community that
uses water from aged pipes or keeps water in unhygienic conditions because of an intermittent
supply. World Health Organization (2021) has identified that poor quality water due to such
infrastructural and operational setbacks is one of the primary causative factors of preventable

diseases worldwide.

From the perspective of public health theory, this study demonstrates that water supply and
infrastructure failure are not just technical issues but impending public health risks. Through the
determination of age pipes and burst supply as causative determinants of waterborne diseases,
public health theory speaks to the need for action on the determinants by policy, engineering,

and community interventions.

2.2.9. Synthesis of Theories Based on the Research Title
All three theories—systems theory, infrastructure lifecycle theory, and public health theory—
are presenting a different but complementary account of the main concerns evidenced in the
research title. Systems theory is situating water supply problems and infrastructure problems in
the context of inter-relationship and system-wide, rather than autonomous. Infrastructure
lifecycle theory accounts for the ways in which deteriorating infrastructure leads to water quality

issues. Public health theory brings the analysis full circle.
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Together, they offer an intensive interdisciplinary foundation upon which to look for
determinants of water quality. They involve a balanced problem identification and intervention
generation process that ensures solution processes to be technically accurate as well as social

and environmental issue sensitive.

2.3. Assumptions

2.3.1. Systems Theory Assumption
Water supply networks are regarded as dynamic, interdependent systems with technical,
environmental, and operational variables influencing each other. Consistent with the theory of
systems, small perturbations in one element of the system can trigger large responses throughout
the network (Meadows, 2008). Presuming that water quality failure is not a standalone
malfunction but a systemic process, conditioned by the interdependency of degrading

infrastructure and shifting operating conditions (Liu et al., 2020).

Validation:

e Logical Coherence: The assumption aligns with systems theory, which emphasizes
interconnectedness and feedback loops in complex systems (Meadows, 2008). Water supply
networks fit this model, as components like pipes, pumps, and treatment plants interact with
environmental and operational factors.

e Theoretical Grounding: The claim that small perturbations can lead to large responses is
consistent with systems theory concepts like leverage points and non-linear dynamics. Water
quality failure as a systemic issue (Liu et al., 2020) is plausible, as degrading infrastructure

(e.g., leaks) can interact with operational changes (e.g., pressure drops) to amplify risks.
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Evidence Alignment: Without accessing Liu et al. (2020), the assumption is reasonable
given studies showing how infrastructure decay and operational stressors (e.g., pressure
fluctuations) contribute to water quality issues. Systems theory is widely applied in
infrastructure studies, supporting this assumption.

Conclusion: Valid. The assumption is theoretically sound and aligns with established

knowledge about water supply networks as complex systems

2.3.2. Infrastructure Lifecycle Assumption

Physical structures of any kind are found to exhibit a life cycle pattern after which there is

deteriorating performance and growth in risk for failure. Joints and pipes deteriorate through

fatigue, corrosion, and external forces. It is assumed that the aged water system provides an

indirect route of contamination as a result of high potential for cracking of pipes, leakage, and

intrusion of chemicals or biological in nature (USEPA, 2002; WHO, 2014). In low-maintenance

conditions, such opportunities tend to rise and deteriorate more with respect to quality.

Logical Coherence: The lifecycle concept is well-established in engineering. Ageing pipes
are prone to corrosion and cracking, increasing leakage and contamination risks, which aligns
with the assumption.

Theoretical Grounding: The references to USEPA (2002) and WHO (2014) likely support
the link between ageing infrastructure and water quality risks. Pipe degradation mechanisms
(e.g., corrosion, fatigue) are documented in engineering literature, and low maintenance
accelerates these risks.

Evidence Alignment: Studies confirm that older water systems face higher risks of leaks and

contaminant intrusion due to material degradation. For example, the U.S. Environmental
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Protection Agency and World Health Organization emphasize infrastructure maintenance to
prevent water quality failures. The assumption that low maintenance worsens risks is
consistent with observed trends in underfunded water systems.

Conclusion: Valid. The assumption is supported by engineering principles and aligns with

authoritative sources on water infrastructure.

2.3.3. Intermittent Supply Assumption
Intermittent supply networks experience repeated cycles of zero supply and repressurization,
and these play a dominant role in the hydraulic performance of distribution networks. The
environment lends itself to penetration of air and contaminants into the system under reduced
pressure conditions. The theoretical background is that intermittent supply compromises
pressure integrity and enhances contaminant invasion, especially coupled with ageing networks
(Kumpel & Nelson, 2013). The system is even more vulnerable to chemical contaminants as

well as waterborne disease.

Validation:

Logical Coherence: Intermittent supply inherently disrupts pressure stability, creating
conditions for contaminant intrusion (e.g., through leaks or backflow). The assumption
logically connects hydraulic instability to water quality risks.

Theoretical Grounding: Kumpel & Nelson (2013) likely provide evidence linking
intermittent supply to pressure integrity loss and contamination. The assumption is grounded
in hydraulics and water quality research, which show that low/negative pressure facilitates

pathogen ingress.
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Evidence Alignment: Research on intermittent supply systems, common in developing
regions, confirms that pressure fluctuations increase contamination risks, especially in ageing
networks with leaks. The synergy between intermittent supply and ageing infrastructure is a
recognized issue in water management.

Conclusion: Valid. The assumption is consistent with hydraulic principles and empirical

studies on intermittent water supply.

2.3.4. Public Health Risk Assumption
Consumption of safe water forms the basis of public health. Environmental health theoretical
theory assumption that any compromise on the quality of water due to structural failure or doubt
about the supply is an environmental health hazard, especially for the vulnerable section (Hunter
et al., 2010; Howard et al., 2020). Distribution system failure such as biofilm formation,
stagnation, or intrusion during loss of supply indicates increased disease load directly even

though water leaving the treatment plant may be in full compliance.

Validation:

e Logical Coherence: The assumption logically ties water quality failures to public health
risks, as contaminants introduced during distribution can cause disease outbreaks.
Vulnerable populations (e.g., children, immunocompromised) are disproportionately

affected.

o Theoretical Grounding: Environmental health theory (Hunter et al., 2010; Howard et al.,
2020) supports the link between water quality and health outcomes. Biofilm formation and

stagnation are known to foster pathogens, aligning with the assumption.
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e Evidence Alignment: Numerous studies document waterborne disease outbreaks linked to
distribution system failures, even when treatment plants comply with standards. WHO and
CDC emphasize distribution system integrity to prevent health risks, supporting this

assumption.

e Conclusion: Valid. The assumption is well-supported by public health research and

authoritative guidelines.

2.3.5. Environmental Interface Assumption
Water distribution pipes are inserted into intricate environmental environments—ground,
groundwaters, weather, and contaminants—that bear a long-term effect on them. The premise
is that older pipes of lesser integrity are more likely to be environmentally contaminated and
hence the emphasis on pressure drop incidents and where located near fecal or industrial
contaminant sources (LeChevallier et al., 2003; WHO, 2014). This is one of the major sources

of microbiological and chemical water quality degradation.

Validation:

e Logical Coherence: Pipes in contact with contaminated soil or groundwater are at risk of
intrusion during pressure drops, particularly if degraded. The assumption logically connects
environmental interactions to water quality risks.

e Theoretical Grounding: LeChevallier et al. (2003) and WHO (2014) likely discuss
environmental contamination risks. The assumption aligns with research on how external

contaminants (e.g., E. coli, chemicals) enter water systems through compromised pipes.
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e Evidence Alignment: Studies show that ageing pipes near pollution sources (e.g., septic
tanks, industrial sites) are vulnerable to contamination during low-pressure events.
Environmental factors like soil conditions and groundwater quality are known to influence
pipe integrity.

e Conclusion: Valid. The assumption is consistent with environmental engineering research

and observed contamination pathways.

2.3.6. Socio-Technical Systems Assumption
Water infrastructure is not technical network alone; it's institutional, economic, and political too.
Operation, investment, and maintenance decisions are steered by behavior systems and local
government. Theoretical assumption in this case is that water quality problems and failure of
infrastructure are both caused by both institutional underinvestment and lack of budget as much
as by engineering capacity (Graham & Marvin, 2001; Agarwal et al., 2010). Therefore, better
water quality has to consider social and political processes that construct infrastructure

networks.

Validation:

e Logical Coherence: The assumption recognizes that infrastructure performance depends on
social and political systems, not just engineering. Underinvestment and poor governance
logically contribute to maintenance neglect and quality failures.

e Theoretical Grounding: Graham & Marvin (2001) and Agarwal et al. (2010) likely frame

infrastructure as socio-technical systems. This perspective is common in urban studies and
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science and technology studies (STS), emphasizing the role of institutions in infrastructure
outcomes.

e Evidence Alignment: Real-world examples (e.g., Flint water crisis) show how governance
failures and underfunding exacerbate water quality issues. Global reports (e.g., WHO,
UNICEF) highlight institutional barriers to water system maintenance, supporting this
assumption.

e Conclusion: Valid. The assumption is grounded in socio-technical systems theory and

aligns with observed infrastructure challenges

2.3.7. Cumulative Vulnerability Assumption
Transient supply and old infrastructure do not go together—but rather work together to work
cumulatively in creating aggregated risk. The simple fact that this holds is based on the
assumption that co-occurrence of both causes cumulative system risks, such that every pressure
highlights the other. For instance, ageing pipes will tend to burst with fluctuating pressure which
is proportionate to cyclic supply (Kumpel & Nelson, 2016; UNICEF/WHO, 2019). The initial
action is learning how all these factors interact with one another so as to gain an understanding

of the diagnosis of systemic failure and intervene accordingly

Validation:

e Logical Coherence: The assumption logically integrates previous points, recognizing
that multiple stressors (ageing pipes, intermittent supply) compound risks. For
example, pressure cycles stress weak pipes, increasing failure likelihood.

e Theoretical Grounding: Kumpel & Nelson (2016) and UNICEF/WHO (2019) likely
provide evidence for synergistic risks. The concept of cumulative vulnerability is

consistent with risk assessment frameworks in engineering and public health.
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o Evidence Alignment: Studies on water systems in low-resource settings show that
intermittent supply and ageing infrastructure create compounding risks, leading to
frequent failures and contamination. The emphasis on interaction analysis aligns with
systems-based approaches to risk management.

e Conclusion: Valid. The assumption is supported by research on risk interactions and

aligns with systemic risk principles.

2.4 Conceptual review frame work
2.4.1 Conceptual framework

2.4.1.1 Intermittent Water Supply (IWS)
Intermittent Water Supply is a technique where water is not supplied on a continuous basis, but
at regular intervals, either several hours daily or weekly. It is a common technique in most of

the low- and middle-income countries due to the scarcity of water, inadequate infrastructure,

and limited finance (Kumpel & Nelson, 2016).

IWS directly influences the quality of water via a series of processes. Inadequacy of pressure
within the distribution system does provide some leeway for intrusion of contamination into the
system by cracking, leakage, and even improper sealing of joints. This is known as "intrusion"
and is most adverse in systems where the pipe materials have deteriorated due to aging (Lee &

Schwab, 2005).

Added to this, when there is no supply, the water stays in the pipes and one can develop biofilm.
When then a water flow re-establishes itself later, the formed biofilms will also slough off,

releasing pathogens as well as organics which will taint the quality of the water (Kumpel et al.,
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2017). Non-continuous flow can also lead to the disruption of good chlorination throughout the

whole system, and disinfection processes are affected.
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Figure 2-1 IWS-Aging Infrastructure Impact Model

2.4.1.2 Aging Infrastructure
Aging infrastructure is water supply infrastructure which has passed the designed infrastructure
life and, in most cases, characterized by corrosion, physical degradation, and functional
deficiencies. In the majority of the cities, the infrastructure is over 30 years, with little or no

preventive maintenance (AWWA, 2012).

Old pipes, especially lead and galvanized steel pipes, pose a direct contaminant risk to the
quality of the water. Pipe corrosion will deposit heavy metals in the water, leading to long-term
health hazard contamination (Ramage et al., 2021). Furthermore, additional pipe bursts and

leaks will happen in old systems, both resulting in water losses and contaminating by intrusion.
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The combined effect of IWS and ageing infrastructure is humongous. IWS puts additional
pressure on ageing pipes, leading to continuous failure in the system. Moreover, ageing
infrastructure does not have scope to change towards more resilient infrastructure like

continuous supply systems (Graham et al., 2019).

2.4.1.3 Supply Reliability
Supply reliability is defined as the consistency, predictability, and sufficiency of the water
supply within a specified time interval. Reliability is high when there is continuous supply at

acceptable pressure and quality, and low when there is regular disruption of supply and

fluctuating pressures (WHO, 2017).

Low supply reliability also has the further impact of promoting negative consumer behavior,
i.e., reliance on insecure alternative supplies (rivers, wells) and the development of household-
level storage. Storage systems are one of the principal causes of secondary contamination,
especially if the water is stored in unclean containers or in light and air, which is a good medium

for the regrowth of bacteria (Howard & Bartram, 2003).

Heavy supply influences practice in maintenance. Continuous controlled flow and pressure
preclude biofilm and sediments from settling and thus limit microbial risk in very reliable
systems. Low reliability systems are difficult to monitor and control and thus water safety is

difficult to ensure.

2.4.1.4 Perceived Water Quality
Perceived water quality is an informal consumer estimate of the safety of water as a qualitative

attribute, typically determined by sensory qualities such as color, taste, odor, and turbidity.
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Perception can be linked to or unlinked from water safety but is a reason for action and

satisfaction on the part of consumers (Doria, 2010).

Where infrastructure is aged and supply is inconsistent, perceived quality of water is low.
Customers object to unpleasant discoloration on return to supply, odor through water having
been in contact with air or through pipe corrosion, and object to vile taste. Perceptions erode
public trust in the water company and encourage people to seek other sources, which may be

uncontrolled and insecure (Kumpel et al., 2017).

Moreover, negative attitudes can lead to underutilization of piped water infrastructure and tanker
or bottled water use with attendant risks and cost. Utilities that do not listen to consumer
complaints regarding water quality risk losing valuable information on infrastructure problems

or contamination events.

2.4.1.5 Interrelation of Variables
Interdependence between IWS, ageing network, supply reliability, and perceived water quality is a
web of complexities that controls overall water safety. Overpressure of one point of flow for
extended periods over existing pipes leads to an increase in frequency of leaks and bursts, which

leads to thus supply disconnection and contamination.

Similarly, low supply reliability reduces pressure stability, hence raising the intrusion rate and

lowering disinfection effectiveness. Actual and perceived water quality deterioration is the result.

Customers respond by modifying their behavior—e.g., storage tanks or standby tanks of water—

that add complication to the context of water safety
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2.4.1.6 Case Context: Ethiopia

The capital city, Addis Ababa, with a population of more than 5 million, and Hawassa, another
rapidly growing city in the Sidama Region, have overriding water infrastructure problems with
aged systems and increasing demands. Intermitent water supply is common in both cities
where the majority of the neighborhoods receive only water for three to four days a week, and
the households get water from storage tanks like plastic tanks and jerry cans. They are often
not properly closed or not regularly disinfected, and as a result there is microbial
contamination risk (Tadesse et al., 2022). The water supply systems, most of which were
constructed decades earlier (1980s in Hawassa and even earlier in parts of Addis Ababa),
suffer frequent pipe bursts and leaks, resulting in significant water losses—indicated as 35—
40% in Addis Ababa by the Addis Ababa Water and Sewerage Authority—and contamination.
Customers in the two cities complaint of brown water and odors, particularly on rainy days.
Insufficient municipal budgets and lack of proper numbers of trained technicians retard
prompt repair and new modernization in both cities, and donor-funded mini replacement pipe
projects fail to address underlying issues. Addis Ababa is further burdened by its huge
population and economic hub status, while Hawassa's large-scale urbanization makes the
infrastructure burden larger, compromising public health and trust in municipal government in
both cities.

2.4.2 Conceptual Review

2.4.2.1 Intermittent Water Supply (IWS)
Intermittent water supply is defined as the supply of piped water on a non-continuous schedule,
which is usually driven by supply restriction, energy availability, or breakdown in infrastructure.

Rather than having 24-hour supply, the consumers get water for a couple of hours daily or
weekly.

This situation prevails in most African, Asian, and Latin American cities (Kumpel & Nelson,

2013). IWS schemes disrupt pressure equilibrium in pipelines, creating vacuums or low-
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pressure zones that facilitate penetrations of contaminants through cross-connections, cracks, or
leaks

(Vairavamoorthy et al., 2007).

Experiments carried out in India and Ethiopia revealed that microbial contamination peaks occur
more often under variable or low pressure (Yasin et al., 2020; Kumpel & Nelson, 2016). Also,
opening and closing valves have the potential to resuspend sediments and biofilms lining the

pipes, further reducing the quality of water supplied (Mclntyre et al., 2014).

2.4.2.2 Impact of IWS on Microbiological and Chemical Water Quality
The microbiological effects of IWS are serious. Low-pressure events and supply loss have been
linked with high concentrations of Escherichia coli, Salmonella, and Cryptosporidium in
household tap samples (Howard & Bartram, 2003). These pathogens are significant diarrheal

disease causes, especially among children in poor communities.

Chemical quality is also violated in IWS. Low-quality flows facilitate chemical compound
leaching of the piping material and introduction of pesticides or hydrocarbons from surrounding
soils, particularly into corroded metal pipe or pieces in intimate contact with industrial dumping
waste sites (Van den Berg et al., 2009). Extended sedimentation of water in pipes or storage
vessels used by households could cause nitrate, iron, and manganese contents to rise to
undesirable levels

(WHO, 2017)

2.4.2.3. Aging Infrastructure: Causes and Characteristics
Degraded infrastructure is more than a maintenance issue; it's a forecast for public health.

Seeping pipe joints and cracked pipes in old systems not only squander enormous quantities of
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water but offer direct pathways for chemical and microbial contamination. This is especially
vulnerable in pressure losses, which are to be expected in old and intermittently supplied

systems (Tadesse et al., 2013).

Corrosion byproducts such as lead and copper are also found in water from corroded pipes. Lea
levels have, in certain cities, exceeded WHO guidelines due to old infrastructure that is not
corrosion-protected (Pieper et al., 2018). This is especially dangerous in schools, hospitals, and

homes with pregnant women or young children.

2.4.2.4 Supply Reliability and Consumer Behavior
Reliability of supply refers to the quality, quantity, and consistency of water supply in the long
term. Unreliability forces the users to resort to coping mechanisms unaware of the added health
hazards. The coping mechanisms include long-term storage, open bucket or jerrycan storage,
and reliance on alternative or untreated sources such as vendors or private wells (Howard &

Bartram, 2003).

This also results in lower residual chlorine levels, undermining microbial protection. Studies in
Kenyan and Ethiopian urban environments have revealed high contamination of stored domestic
water even when the original piped water was within acceptable standards (Gebremichael et al.,

2018).

2.4.2.5 Perceived Water Quality: The Social Dimension
Perceived quality of water refers to how individuals judge water on the basis of taste, color,
odor, and past experience. Perception plays an extremely dominant part in the utilization and

practice of water treatment (Doria, 2010). Under the majority of conditions, even where piped
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water is technically fine, the consumer would deem it unsafe due to observable turbidity or

obnoxious odor, especially where the pipes are aged or supply is periodic.

Negative perceptions will result in families drinking untreated alternative sources or purchasing
bottled water at an additional cost and potential higher health risk. In Addis Ababa, for example,
several poor families reported avoiding tap water due to its yellow color and sulfurous smell,

both previously linked with rusty distribution pipes (Basha et al., 2021).

2.4.2.6 Public Health Consequences
The convergence of IWS, water infrastructure degradation, and insecure water supply all
directly impact the spread of waterborne disease. Diarrheal disease, cholera, dysentery, and
typhoid are common in scenarios where water system degradation is an issue. The rate of child
mortality from diarrheal disease is typically strongly correlated with the degree of water

infrastructure degradation and intermittency in certain urban settings (WHO/UNICEF, 2021).

In addition, urban poor individuals also carry the significant cost of investment in other sources
of water and storage, and treatment of water-borne illnesses. This perpetuates health inequity
and limits abandonment of infrastructure, which would enable communities to escape poverty

traps.

2.4.2.7 Models and Frameworks from the Literature
Theoretical models such as the Urban Water Security Framework (Lautze & Manthrithilake,
2012) indicate availability, accessibility, reliability, and quality in achieving water security. IWS
and infrastructure failure target these pillars by direct physical restraint and compromise of

safety.
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Systems Theory is also an effective lens through which to view water supply systems as
interdependent systems where small failures (e.g., pressure losses or valve leaks) can create
systemic crises (Biswas, 2004). These lenses require holistic management approaches that

address both technical and social aspects of water supply.

2.4.2.8The Ethiopian Urban Water Context
IWS is prevalent in Ethiopian urban centers such as Addis Ababa, Dire Dawa, and Bahir Dar.
Water comes to most locations only twice or three times a week, which leads to over-reliance
on storage and other sources. Surveys indicate that water is not perceived to be safe for drinking

by residents, especially where pipes are clearly corroded or supply is regularly cut off (Yasin et

al., 2020).

Over 30% of drinking urban water samples collected in arid months had microbiological
contents too high, as reported by EPHI (2020). Audit facilities indicate huge portions of the
system are over three decades old with very little rehabilitation. Tossing in the excessive rate of

urbanization, these conditions have subjected severely stressed systems to extreme pressure.

In water supply systems—particularly in the case of rapidly growing urban populations with
less technologically advanced utilities—there are certain interacting variables that collectively

depreciate water quality.

The conceptual model developed for this study provides a scientific description of how
intermittent water supply (IWS) and old infrastructure work separately and collaboratively to
affect the quality of water outcomes. This sub-section separates cause-and-effect thinking and

association between the causal variables, as evident in the conceptual diagram.
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2.4.2.9 Intermittent Water Supply — Pressure Instability — Contamination
Intermittent supply refers to a state of supply when water is made available for a limited
time per day or week. Not delivered during off-supply times, water in the pipes stagnates
and internal pressure reduces significantly, typically to negative values. Internal pressure
reduction induces a vacuum effect that pulls external contaminants in via the routes of leaks,
loose fittings, and unauthorized attachments (Kumpel & Nelson, 2013). During restoration
of service, pressure surges dislodge internal sediment, mobilize biofilm, and scour corroded
pipe materials, all of which get carried into the distribution stream and cumulatively create

contamination (Mclntyre et al., 2014). The chain of cause-and-effect is clearly seen:

Intermittent supply — Vacuum/low-pressure conditions — Contaminant intrusion — Water

quality deterioration.

This is felt in the majority of low-income nations where IWS is common, e.g., India,

Ethiopia, and parts of Sub-Saharan Africa

2.4.2.10 Aging Infrastructure — Structural Failure — Contaminant Ingress
Water infrastructure integrity, especially in pipes, is lost over time. Galvanized iron, asbestos
cement, and unlined cast iron corrode, crack, and form leaks as they age. These structural flaws
offer avenues for extraneous contaminants to make their way into the distribution system,

especially through pressure reduction in the case of IWS (Berry et al., 2006).

Addis Ababa studies have found consumers served by declining pipeline infrastructure have

much higher physical water quality complaints such as water discoloration and metallic taste
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(Basha et al., 2021). The effects are not merely cosmetic but are evidence of the entry of iron,

manganese, and occasionally microbial impurities via corroded piece pieces of pipe.

Older infrastructure thus directly has a cause of:

. Chemical contamination

. Microbial risk through compromised structural integrity.

This is a cause-effect relationship with pipe age leading to vulnerability, which in turn leads to

external contamination.

2.4.2.11 Interaction: IWS and Aging Infrastructure
Among the strongest of relationships is the interactive effect of intermittent supply and aging

infrastructure. Intermittent pressure on aged pipes particularly amplifies the contaminative risk.

Such aged pipes:

. Are more prone to joint failure or micro-cracks,

. Respond poorly to repeated pressurization cycles (which can enlarge any existing
defects),

. Resist disinfection more effectively due to biofilm buildup and corrosion scaling.

Evidence from a Bahir Dar and Nairobi study shows that intermittent water delivered through
older pipes has higher bacterial loads and turbidity than intermittent water delivered through

newer pipes (Gebremichael et al., 2018). This suggests an interactional (multiplicative)
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relationship, whereby the interaction between IWS and old infrastructure produces worse

outcomes than each factor in a separate scenario

2.4.2.12 Poor Water Quality — Sensation of Unsafe Water
As piped water quality becomes compromised—either physically, chemically, or by microbial
contamination—users begin to perceive piped water as unsafe. Perceived water quality involves
user perceptions of color, odour, taste, and clarity. These perceptions influence household

practice, regardless of actual pathogen presence (Doria, 2010).

This is less or more of a correlation, but one that has behavioral consequences:

*Perceived risk leads users to change water use practice, e.g., switching sources or boiling water.

* Research conducted in East Africa finds that though laboratory tests reveal water to be
microbiologically safe, the users are cautious regarding piped water on the grounds of

appearance (Yasin et al., 2020).

2.4.2.13 Coping Behaviors — User Perception — Health Risks
In case the users find the piped water as unsafe or useless, they become inclined to make coping

behaviors. These could:

. Water storage in jerrycans or buckets for long periods (most of which are without lids or

inadequately cleaned),

. Consumption of untreated water from secondary sources (i.e., rivers, wells, water
vendors),
. Not using residual chlorine or other home treatment techniques.
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These coping strategies lead to secondary contamination, whereby safe water is contaminated
due to inappropriate handling or exposure to the environment (Howard & Bartram, 2003). For
example, Addis Ababa results show that more than 70% of the households that kept water for

consumption did not treat or cover the containers, leading to contamination (Yasin et al., 2020).

Thus, user perception, as subjective as it is, acts as the intermediary between health impact and

water quality.

2.4.2.14 Water Supply Reliability and Health Effects
Reliability of supply—the consistency and dependability of supply delivery—has direct and

indirect relationships with water quality and health:

. Directly, it promotes users to embrace high-risk practice (storage, uncontrolled sources).

. Indirectly, it reduces confidence in the public networks and lowers the incentive for

investment in in-home treatment technologies.

WHO/UNICEF (2021) in a study discovered that irregular and uncertain supply in Sub-Saharan
Africa is strongly correlated with risk of diarrheal disease, especially in children below the age
of five years. Seasonal spikes of waterborne disease in town hospitals like Dire Dawa and

Mekelle are during dry seasons—in which IWS happens most frequently (EPHI, 2020).

Table 2-1Summary of Key Cause-Effect and Correlation Pathways (Kumpel & Nelson (2013))

Variable A Variable B Type Explanation

Intermittent Water | Pressure Fluctuation Cause- IWS causes pressure changes that

Supply effect lead to vacuum conditions

Aging Pipe Leaks and Cause- Older pipes are more prone to

Infrastructure Structural Failures effect cracks, corrosion, and
contamination

IWS + Aging Pipes | Water Contamination | Interaction | Combination increases risk beyond
additive effect
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Degraded Water Negative User Correlation | Users perceive water as unsafe due
Quality Perception to discoloration or odor
Perception of Coping Behavior Cause- Perception leads to alternative
Unsafe Water effect practices (e.g., storage, other
sources)
Coping Behavior | Health Risks Cause- Unsafe storage or sources increase
effect microbial exposure
Unreliable Supply | Household Health Indirect Through induced behavior and
Outcomes reduced treatment

2.4.2.15 Application of the Hazen-Williams Equation
The Hazen-Williams equation is a widely used empirical formula in water distribution system
modeling. It estimates flow velocity and head loss based on key pipe characteristics such as
roughness, slope, and hydraulic radius. This equation becomes particularly relevant in the context
of intermittent water supply (IWS) and aging infrastructure, where fluctuating flow conditions and

pipe deterioration contribute significantly to water quality degradation.

Several case studies underscore the practical application of this model:

In Nairobi, Kenya, researchers applied the Hazen-Williams equation to informal settlements with
outdated galvanized iron pipes. The study revealed that during off-supply hours, low velocities—
often less than 0.4 m/s—Ied to prolonged water stagnation and were directly linked to elevated E.

coli concentrations when supply resumed.

Context: Informal settlements with outdated galvanized iron pipes; low velocities (<0.4 m/s)

during off-supply hours led to stagnation and elevated E. coli levels.

Scientific Check:
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Pipe Material and C: Galvanized iron pipes, especially when old and corroded, have a low
roughness coefficient (C=80—100 compared to 130—140 for new pipes). Corrosion increases
surface roughness, reducing C, which lowers velocity (V) for a given pressure gradient (S ) and

pipe diameter (D ). The equation appropriately accounts for this through the C term.

Low Velocities: The reported velocity (<0.4 m/s) indicates stagnation, which aligns with the
equation’s prediction for rough pipes under low-pressure conditions typical of IWS off-supply

periods. For example, if C=90, D=0.1 m, and S=0.001,

the velocity is:

R=2=20—0025m

V = 0.849 - 90 - (0.025)"% - (0.001)54
V ~ 0.849 - 90 - 0.055 - 0.0316 ~ 0.13m/s

This velocity is well below 0.4 m/s, confirming stagnation risks and supporting the link to E.

coli growth due to prolonged residence times.

Validity: The equation is suitable for steady-state water flow in pressurized pipes, which applies
during supply resumption in IWS. However, during off-supply hours, flow may be minimal or
zero, so the equation’s use likely focused on transition periods (supply on/off). This is

scientifically reasonable, as low velocities during these transitions contribute to stagnation.

In Hyderabad, India, where IWS is part of scheduled city management, the equation helped simulate
residence times in different zones. Pipes made of older materials such as cast iron showed reduced

velocities, leading to stagnation periods of up to 12 hours. This stagnation coincided with
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noticeable chlorine decay, odor, and discoloration, confirming user complaints and highlighting

quality concerns.

Context: Scheduled IWS with cast iron pipes; low velocities caused stagnation up to 12 hours,

leading to chlorine decay, odor, and discoloration.
Scientific Check:

Pipe Material and C : Older cast iron pipes have C=80-100 due to rust and scaling. This reduces
velocity and increases head loss, as captured by the equation. For a given flow rate (Q), lower

C and smaller D result in higher hf hf, reducing downstream pressure and velocity.

Residence Time Simulation: The equation was used to estimate residence times, which depend
on velocity (Residence time=L/V ). Low velocities <0.4 m/s in long pipe sections increase
residence time, allowing chlorine to decay (chlorine half-life in water can be hours under

stagnant conditions). For example, a 1000 m pipe with V=0.3m/s:

Residence time = % ~ 3333s ~ 55 min

Residence time=Over 12 hours of stagnation, water quality degrades significantly, explaining

odor and discoloration.

Validity: The equation’s ability to compute velocity and head loss is ideal for simulating flow
in IWS systems with scheduled supply. It accurately links low velocities to prolonged residence
times and quality issues. The use of cast iron’s C value ensures realistic modeling of aged

infrastructure.
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In Accra, Ghana, the model was used to assess flow behavior in aged asbestos cement and ductile
iron pipes. It identified dead-end zones with velocities as low as 0.25 m/s—areas that also
experienced the highest rates of consumer dissatisfaction and waterborne disease. These findings

informed targeted infrastructure upgrades and the installation of booster chlorination units.

Context: Aged ductile iron pipes; dead-end zones with velocities as low as 0.25 m/s linked to

waterborne diseases and consumer dissatisfaction.
Scientific Check:

Pipe Material and C: Asbestos cement (C=100-130) and ductile iron (C=120-140 C) have higher
C than galvanized or cast iron, but aged pipes may have lower values due to scaling. Dead-end

zones have minimal flow, reducing S, which the equation captures as:

V S(l.54

Low S (pressure gradient) in dead-end zones results in very low velocities (e.g., 0.25 m/s).

Dead-End Zones: In dead-end pipes, flow is nearly static, leading to stagnation and water quality
issues. The equation can model these zones by setting low Q or S, predicting velocities that

match the reported 0.25 m/s. For example, with C=110, D=0.15m D = 0.15 S=0.0005:

R =12 =0.0375m
V =0.849 - 110 - (0.0375)"% - (0.0005)">*
V =~ 0.849 - 110 - 0.068 - 0.025 ~ 0.16 m /s

This confirms the equation’s ability to predict low velocities in dead-end zones, correlating

with waterborne disease risks.
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Validity: The equation is appropriate for identifying low-velocity zones in pressurized systems
,even in IWS. Its use to inform infrastructure upgrades (e.g., replacing dead-end pipes) and
booster chlorination is scientifically grounded, as low V increases residence time and pathogen
risk.

in the current study in Lideta Subcity, Addis Ababa, the Hazen-Williams equation is utilized to
evaluate flow efficiency in relation to contamination hazards. The modeling identifies areas
with reduced flow rate and extended water stagnation, which are particularly susceptible to
disinfectant degradation and bacterial pollution. By pinpointing these high-risk zones, the
study facilitates evidence-based prioritization for pipeline restoration, supplemental
chlorination, and network redesign —similar to interventions successfully implemented in the
referenced cities. Thus, the Hazen-Williams equation not only as a analytical tool but also as a
strategic planning instrument for managing urban water supply systems under the strain of
aging infrastructure and intermittent service conditions.

2.4.2.16 Intermittent Water Supply and Aging Infrastructure

The literature strongly establishes that intermittent water supply (IWS) and aging infrastructure
are key drivers of declining urban water quality, particularly in low- and middle- income
countries. These two factors do not merely operate independently but interact in a synergistic
and compounding manner, leading to systemic vulnerabilities in service delivery and public

health (Kumpel & Nelson, 2016; Doria, 2010).

IWS contributes to pressure loss, stagnation, and backflow, which introduce contaminants into
distribution systems, especially through cracks and illegal connections (Mclntyre et al., 2014;
Lee & Schwab, 2005). Studies in Sub-Saharan Africa and South Asia consistently link IWS to
E. coli presence, turbidity spikes, and chlorine depletion (Ercumen et al., 2015; Kumpel &

Nelson, 2013).

Simultaneously, aging pipes—often composed of galvanized iron, asbestos cement, or cast

iron— are structurally degraded, resulting in leaks and chemical leaching, such as iron, lead,
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and manganese (Basha et al., 2021; Doria, 2010). Biofilms in old pipelines also shield pathogens
from disinfection, creating chronic health risks (LeChevallier et al., 1988; Berry et al., 2006).

When these factors interact, the risks multiply. Intermittent pressure accelerates physical pipe
failure and increases contamination potential. Areas like Addis Ababa, Nairobi, and Kathmandu
report significantly higher microbial contamination in zones characterized by both IWS and

infrastructure decay (Gebremichael et al., 2018; WHO/UNICEF, 2021).

Water quality perception further shapes consumer behavior. Households often judge safety
based on smell, taste, and appearance, rather than lab-confirmed parameters, leading to coping
mechanisms such as water storage or use of secondary sources—which pose additional

contamination risks (Howard et al., 2003; Yasin et al., 2020; Kjellén & McGranahan, 2006).

This review also adopts a systems theory perspective, where infrastructure failure in one
component can trigger cascading effects (Meadows, 2008). Coupled with public health models
like the F-diagram, the literature shows how compromised infrastructure becomes a direct

conduit for disease transmission (Howard & Bartram, 2003).

The conceptual framework developed from this literature recognizes feedback loops: IWS leads
to supply loss and microbial entry; users adapt through storage or alternative sources; these
adaptations themselves become contamination vectors—reinforcing the cycle of risk and

distrust (Doria, 2010; Ercumen et al., 2015).

The case of Addis Ababa illustrates this convergence clearly. With pipe networks exceeding 40
years of service, chronic maintenance issues, and high-altitude zones prone to low pressure, the

city faces a compounded crisis in water quality (Basha et al., 2021; Erko et al., 2019).
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Comparative insights from Hubli-Dharwad, Kathmandu, Lusaka, and Nairobi demonstrate that
similar patterns of microbial risk and infrastructure fragility are common in rapidly urbanizing
cities, validating the broader relevance of this study's focus (Kumpel et al., 2017

WHO/UNICEEF, 2021).
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3. RESEARCH METHODOLOGY

3.1. Research Design

This study adopts a mixed-method research approach, integrating quantitative empirical
modeling and qualitative perception-based surveys to provide a comprehensive analysis of the
water supply network's performance and perceived water quality in Lideta Subcity, specifically
Woreda 4 and Woreda 5 in Addis Ababa. This combined methodology facilitates robust
triangulation, enhancing the validity and reliability of the findings (Creswell & Plano Clark,

2018).

3.2. Description of the Study Area

Addis Ababa, the capital of Ethiopia, remains one of the world’s rapidly urbanizing cities.
According to the Central Statistical Agency (CSA) population projection based on the 2023 the
total population of Addis Ababa is approximately 4,030,000. Administratively, the city is
divided into ten sub-cities: Addis Ketema, Akaki-Kality, Lideta, Arada, Kirkos, Gulelle, Bole,

Nifas Silk-Lafto, Yeka, and Kolfe Keranio.

Geographically, Addis Ababa is centrally located in Ethiopia, with coordinates ranging from
8°50'11"N to 9°0529"N latitude and 38°39'40"E to 38°54'57"E longitude on the Universal
Transverse Mercator projection. The city lies at the foot of Mount Entoto, which reaches 3,400
meters above sea level, and extends southwards to its lowest point near 2,000 meters above sea

level around Akaki.
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The climate of Addis Ababa is characterized by mild temperatures with minimal monthly
variation, typically fluctuating by no more than 10°C. Annual temperatures range from 10°C to

25°C, influenced by its high altitude and proximity to the equator.

For the purpose of study, selected Lideta Sub-City, located at 9.03°N, 38.73°E in central-
western Addis Ababa, Ethiopia, is a dynamic urban hub near the bustling Merkato (CSA, 2023).
Covering 9.18 sq km, it houses ~284,208 residents, with a density of 30,960 per sq km, driven
by rapid urbanization (CSA, 2023). It borders Addis Ketema (north), Arada (northeast), Kirkos
(east), Nifas Silk-Lafto (south), and Kolfe Keranio (west), fostering vibrant socio-economic
interactions (Addis Ababa City Administration, 2023). Organized into ten weredas, it features
landmarks like Tekelehaymanot Church and the modern Lideta Mercato (Ethiopian Urban
Studies, 2022). Intermittent water supply disrupts daily life, with outages affecting households
across weredas (UNICEF, 2023). Poor water quality, contaminated by aging infrastructure,
increases risks of waterborne diseases like cholera (WHO, 2023). Outdated pipelines, some over
50 years old, exacerbate leaks and contamination, straining water access (World Bank, 2023).
Upgrading infrastructure and ensuring consistent supply remain critical challenges for Lideta’s

urban resilience (UN-Habitat, 2024).

Wereda 04 in Lideta Sub-City, with ~28,421 residents, is a bustling residential-commercial zone
facing severe water supply challenges (CSA, 2023). Intermittent water access, often limited to
1-2 days weekly, disrupts daily life (AAWSA, 2023;). Aging pipelines cause leaks and
contamination, increasing waterborne disease risks (UNICEF, 2023;). Infrastructure upgrades
are urgently needed to improve water quality and reliability (UN-Habitat, 2024). Wereda 05 (4

lines) Wereda 05, home to ~28,421 people, is a mixed-use area in Lideta Sub-City with
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institutional and residential zones (CSA, 2023). Inconsistent water supply, reliant on aging
infrastructure, limits access and affects health (AAWSA, 2023;). Poor water quality, linked to
corroded pipes, heightens risks of bacterial contamination (WHO, 2023;). Sustainable water

management is critical to address these persistent challenges (UN-Habitat, 2024).
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Figure 3-1 study area map

3.3 sampling

The study utilized probability-based random sampling method was employed. The sampling
focused specifically on Wereda 04 and 05, which were identified as high-risk zones based on their
population density, aging pipeline infrastructure, and recurrent water service interruptions, as

reported by AAWSA (2021) and confirmed through preliminary observations.
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A total of 200 households were selected using simple random sampling from a comprehensive
list provided by local administrative offices. This method ensured that every household within
the targeted weredas had an equal chance of being included, thereby enhancing the
representativeness and generalizability of the findings to the broader Lideta Sub-City context.
The sample size was determined based on standard practice in urban water quality research,
balancing statistical power with field feasibility.

The selected households were surveyed using semi-structured questionnaires, which allowed
the collection of both quantitative indicators (e.g., frequency of supply, storage practices,
reported illnesses) and qualitative insights (e.g., perceived water quality, user trust, and coping
strategies). This approach ensured a diverse and multi-dimensional data set that supports the
study’s mixed-methods design and captures both the technical and experiential aspects of the

water service challenge.

Criteria for Classifying Pipes as Aged

Classifying pipes as "aged" in water distribution systems typically involves assessing their
physical condition, material, service life, and performance indicators such as leakage,
breakage rates, and corrosion. Based on water infrastructure literature and the context of Addis
Ababa’s water supply challenges, the following criteria can be used to classify pipes as aged

(AWWA, 2017; WHO, 2014).

1,Age of Installation (Service Life):

Pipes are often considered aged when they exceed their expected service life, which varies by
material. Common pipe materials in urban water systems like Addis Ababa’s include cast iron,
ductile iron, galvanized steel, asbestos cement, and polyvinyl chloride (PVC).

Typical Service Life (based on global standards):

e Castiron: 50-100 years
e Ductile iron: 5075 years

e Galvanized steel: 20-50 years
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e Asbestos cement: 30—60 years

e PVC: 50-100 years
Pipes installed beyond these thresholds are likely aged, especially if maintenance is
inadequate, as is often the case in Addis Ababa due to limited funding for

rehabilitation (AAWSA, 2022; Alemayehu & Tadesse, 2020).

Context in Addis Ababa:

Many pipes in Addis Ababa’s water distribution system date back to the Italian occupation
(1930s—1940s), particularly those connected to the Gafsara dam, suggesting that cast iron or
galvanized steel pipes may be 80—90 years old, well beyond their service life (Ayalew, 2019).

Physical Deterioration:

Aged pipes exhibit signs of corrosion, scaling, tuberculation, or structural failure (cracks,
bursts). In Addis Ababa, studies report frequent pipe bursts and leaks due to aging
infrastructure, contributing to 41.8% non-revenue water (NRW) losses (AAWSA, 2022;
World Bank, 2021).

Indicators:

High leakage rates: Pipes losing significant water volume (e.g., 25,000 L per kilometer daily
in Addis Ababa) indicate aging (Yohannes et al., 2021).

Breakage frequency: Pipes with frequent ruptures or repairs are likely aged. A study at Bahir
Dar Institute of Technology notes that aging pipes crack or rupture permanently under stress

(Tewodros & Mekonnen, 2020).

Corrosion: Metal pipes (e.g., cast iron, steel) in Addis Ababa are prone to corrosion due to
water chemistry and soil conditions, reducing flow capacity and degrading water quality

(Woldearegay et al., 2021).
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Material Obsolescence:

Older pipe materials like galvanized steel or asbestos cement, common in earlier
infrastructure, are now considered obsolete due to health risks (asbestos) or poor durability
(galvanized steel corrodes faster). If Lideta Subcity’s network includes such materials, these
pipes can be classified as aged regardless of exact age.

Addis Ababa Context: The city’s water system includes a mix of old metal pipes and newer
PVC, with older sections likely using asbestos cement or galvanized steel, as noted in studies

of similar Ethiopian cities (Tadesse et al., 2020).

Hydraulic Performance:

Aged pipes often cause high or low pressure in the distribution network, leading to
intermittent supply and water quality issues. In Addis Ababa, studies using WaterGEMS
software found pressure variations (12—15% changes) due to aging infrastructure, exacerbating

intermittent supply (Habtamu & Alemu, 2021).

Intermittent Supply Link:
Intermittent water supply, common in Lideta Subcity due to rationing (e.g., 1-2 days per
week), accelerates pipe aging by introducing air pockets and pressure surges, which weaken

pipe integrity and increase contamination risks (WHO, 2014; Ayele et al., 2023).

Water Quality Impact:

Aged pipes contribute to water quality degradation through corrosion (releasing metals like
iron or lead), biofilm growth, or contaminant intrusion during low-pressure periods. In Addis
Ababa, bacteriological contamination has been detected in municipal water, partly due to
aging pipes allowing ingress of pollutants (AAWSA, 2022).

Evidence shows that intermittent supply networks, like those in Addis Ababa, increase fecal
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contamination risks, linking aged pipes to waterborne disease outbreaks such as cholera and

typhoid (Girma et al., 2022).

3.4.Data Collection Method

The data collection process for this thesis involved both primary and secondary sources. Primary
data were gathered through direct field observations and household surveys conducted within
Lideta Subcity, aimed at capturing local experiences with water supply reliability, coping
behaviors, and perceived water quality. In addition, key technical information was obtained
from water distribution network design layout plans, including details on pipe diameters,
reservoir locations, and pump operation schedules. Secondary data were collected from official
records and publications provided by the Addis Ababa Water and Sewerage Authority
(AAWSA). These included historical and projected water demand estimates, population and
demographic statistics, and the most recent urban water supply master plans and technical
reports (AAWSA, 2021). Together, these data sources provided a comprehensive foundation for
analyzing the impact of intermittent water supply and aging infrastructure on urban water

quality. The image below shows the pipe layout of lideta sub city wereda 04 and 05

Figure 3-2 study area pipe layout 1:250
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Pipe Types Identification:

Main Pipes (Yellow Lines): The thick yellow lines likely represent the primary water
distribution mains, which are the backbone of the network, transporting water from the

source or treatment facility to various sections of the sub city.

Secondary Pipes (Green Lines): The thinner green lines appear to be secondary or
distribution pipes that branch off from the main pipes to deliver water to specific areas

or clusters within Wereda 05.

Service Connections (Pink Dots): The pink dots connected to the green lines
likelyindicate service connections or points where water is supplied to individual

households or smaller units.

Valve or Junction Points (Yellow Dot): The prominent yellow dot in the center may
represent a valve, pump, or junction point, which controls the flow or directs water

within the network.

Dot Points Based on Lideta Subcity Wereda 05 Pipe Layout:

e The layout shows a structured network with a central main pipe (yellow) feeding into
multiple secondary pipes (green), suggesting a hierarchical distribution system.

e Several pink dots are clustered around the green lines, indicating a high density of
service connections, which may reflect residential or commercial areas within Wereda
05.

o The presence of a central yellow dot suggests a key control point, possibly a valve or
pump, critical for managing water flow in this section of the network.

e The network appears to cover a defined boundary (yellow outline), indicating the
geographical scope of the water supply system in Wereda 05.

e The layout includes intersecting lines and branches, which may indicate areas prone to

pressure drops or potential leakage points, especially if the infrastructure is aging.
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3.4.The questionnaire

The questionnaire used in this study was designed to capture key aspects of water supply service
from the perspective of local residents and staff. It included questions on the frequency and
duration of water supply interruptions, how respondents rated various water quality parameters
such as turbidity, taste, odor, and color, as well as their overall satisfaction with the water
services provided. Additionally, it sought to gather community feedback and proposals
regarding improvements to the water supply system, aligning with approaches used in similar
studies (Zeraebruk et al., 2020). The sampling strategy employed was stratified random
sampling to ensure representation from both public facilities—such as schools and clinics—and
residential households in Woreda 4 and Woreda 5. Gender and age distribution were also
controlled for during sample selection, ensuring balanced demographic representation

(Taherdoost, 2016).

Complementing the questionnaire, field observations were conducted to evaluate the physical
condition and performance of the water infrastructure. These included structured walkthroughs
and site visits focusing on the condition of pipes, valves, and signs of visible leaks. Inspectors
identified potential sources of contamination through visual assessment, paying particular
attention to unhygienic surroundings or broken components. Where feasible, random point
sampling of pressure was carried out at selected household taps to verify flow reliability and
pressure variation within the network (De Silva et al., 2016). These field-based assessments

added contextual depth and practical validation to the survey data.
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3.5.Analytical & Empirical framework

Hydraulic Computations Using Empirical Equations: Hazen-Williams equation was also
used to estimate pressure losses and flow rates around the distribution system. This basic
empirical formula has a broad acceptance in hydraulic simulation of pressure systems due to its
accuracy and usability in urban water distribution networks (Mays, 2000). Calculated head loss
values were used to identify low-pressure zones, which are most prone to contamination due to

backflow risks, particularly in intermittent supply conditions (AWWA, 2017).

Water Age and Chlorine Decay Modeling: Water age modeling was conducted with Extended
Period Simulation (EPS) techniques to estimate the mean residence time of water in tanks and
pipes. High values of water age are symptomatic of stagnation and resultant microbial growth
(Rossman, 2000). Alongside, chlorine decay modeling was conducted with first-order decay
kinetics to model loss of disinfectant residual with time, with rates of decay calibrated from
field data and literature standard (Clark & Sivaganesan, 2002).

Storage Turnover and Flow Analysis Reliability: Storage turnover was considered to assess
how frequently water is replaced in standpipe tanks and reservoirs. Low turnover rate is a sign
that requires concern for water quality deterioration as a result of prolonged stagnation (WHO,
2017). Flow reliability was further analyzed on the basis of the reported intermittent supply
schedule supplemented by user-supplied data obtained through survey response. Areas that
suffered frequent and prolonged outages were found to have higher service failure risk and

accompanying public health challenges (Kumpel & Nelson, 2016

Water Quality Benchmarking Against WHO Guidelines: Observed water quality issues—

turbidity, odour, and discoloration—were contrasted with the World Health Organization
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(WHO) drinking water quality guidelines. Guidelines provide a benchmark against which
reported conditions could be evaluated and compared for exceeding safe limits and for

expressing the health implications of impaired service in high-risk areas (WHO, 2017).

Spatial Analysis Through GIS Mapping: Where data permitted, Geographic Information
System (GIS) mapping was used to spatially show the age of infrastructure and relate it to user
complaint frequency and type. Spatial association helped to identify systemic issues such as

clusters of aging pipes that overlap with high quality complaint frequencies

3.6. Data Analysis Methods

3.6.1. Quantitative Data Analysis
Quantitative empirical analysis results are tested for inefficient flow, low-pressure zones, and
high head loss head loss zones. They are combined statistically with the objective of developing

intervention point of interest and difference in performance through descriptive statistics

(McCuen, 2016).

3.6.2. Qualitative Data Analysis
Statistical results of the survey, i.e., frequency and percentage, are provided. Thematic analysis
is also done so as to determine codes having pattern patterns of recurrence, or themes, of resident
perceptions concerning water quality. Cross-tabulations are also done considering determining
the likely connection between geographical areas (Woreda 4 and Woreda 5) and perceptions

concerning water quality (Braun & Clarke, 2021).

65



3.6.3. Comparative Assessment
Comparative comparison relates the outcome of hydraulic model with survey-perceived water

quality data. Comparison attempts to recognize a correlation between perceived water quality

problems and infrastructure flaws, i.e., low-pressure areas or old infrastructure with leakage and

contaminations potential.

3.7. Hydraulic and Water Quality Modeling and Risk Matrix

To better understand how aging infrastructure and intermittent water supply influence water
quality in Lideta Subcity, a series of hydraulic and water quality modeling tools were employed.
These models helped estimate critical parameters such as flow velocity, pressure distribution,

water age (residence time), and chlorine decay across the network.

This section summarizes the core mathematical models used in the analysis, highlighting their

practical application within the scope of this study.

3.7.1. Hazen-Williams Equation for Flow Velocity
The Hazen-Williams equation is a widely used empirical formula for estimating flow velocity
or head loss in pressurized water pipelines. It is suitable for analyzing urban distribution

systems, especially those with varying pipe materials and intermittent flow regimes.

V =0.849 - C - R063 . g0.54

Where:

« V= flow velocity (m/s)
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« C = Hazen-Williams roughness coefficient (dimensionless), depending on pipe material
(e.g., 100 for old galvanized iron, 130 for PVC)
« R =hydraulic radius (m), calculated as A/PA/PA/P (area divided by wetted perimeter)

« S =slope of the hydraulic grade line (head loss per unit length)

Application in Study: This equation was used to identify pipe sections with low velocity (e.g.,
<

0.3 m/s), particularly in old, narrow, and corroded segments where friction losses were high.

These areas aligned with high water age and were flagged as contamination-prone.

3.7.2. Water Age (Residence Time) Estimation
Water age refers to the amount of time water spends in the distribution system before reaching
the consumer. Longer residence times are linked with higher chlorine decay and microbial

regrowth.

While direct measurement is difficult, simulation tools estimate water age using:

Water Age=L/V e (2)

Where:

« L = length of the pipe or network path (m)

« V= flow velocity (m/s), obtained from the Hazen-Williams equation

Application in Study: Zones where water age exceeded 6—8 hours were flagged for high
chlorine decay and stagnation risk. These zones were found mostly at dead-ends and terminal

branches in Wereda 4 and 5.
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3.7.3. First-Order Chlorine Decay Model
Chlorine concentration decreases over time due to chemical reactions with pipe materials,
organic compounds, and microbial activity. The decay can be modeled using a first-order

kinetic equation:

Cy=Ce ™

. (3)

Where:

«  Ct=chlorine concentration at time t (mg/L)
«  CO0 = initial chlorine concentration (mg/L), typically 0.5 mg/L at injection point
« k = decay constant (1/hr), varies based on pipe material, temperature, and biofilm

presence O t = residence time or water age (hours)

Application in Study: This model was used to simulate residual chlorine levels at the consumer
point. In many modeled zones, Ct dropped below the WHO minimum of 0.2 mg/L due to long
stagnation times and pipe wall reactivity—especially in older galvanized iron pipes where k was

estimated higher due to corrosion.

3.7.4. Pressure Drop Estimation (Head Loss)
Though not calculated directly in this study, pressure loss due to friction was considered during

flow velocity and age modeling using the simplified Hazen-Williams head loss form:

s QI.SS

hy =10.67- C185 . DAsT

. (4

Where:
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« hf=head loss (m)

- L =pipe length (m)

« Q= flow rate (m?/s)

«  C =roughness coefficient

« D = pipe diameter (m)
Application in Study: Head loss estimates helped identify pressure-vulnerable areas where
backflow and vacuum effects were more likely during supply shut-offs—conditions that

promote contaminant intrusion.

3.7.5. Qualitative Link Model: Risk Matrix Integration
While not a numerical model, a conceptual risk matrix was used to rank pipeline segments

based on the interaction of four key parameters:

« Pipe age
« Flow velocity
- Water age

«  Chlorine residual

Each location was scored from Low to Very High Risk depending on cumulative performance.

This simplified model helped prioritize critical zones like Z-01 and Z-02 for future intervention.

Explanation of Risk Matrix Components

« Pipe Age: Older pipes (especially galvanized and cast iron) tend to corrode, crack, and

lose hydraulic efficiency, increasing risk of intrusion and discoloration.
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« Flow Velocity: Low flow promotes sediment deposition, stagnation, and biofilm

growth;

WHO suggests minimum velocity >0.3 m/s.

«  Water Age: Prolonged residence time allows disinfectant decay and microbial regrowth.

« Chlorine Residual: The final defense against contamination; WHO minimum for safety

1S

0.2 mg/L at consumer taps.

Table 3-1: Conceptual Risk Matrix (LeChevallier & Camper, 2014)

Pipe Age Flow Water Age Chlorine Risk Interpretation
Velocity Residual Level

>30 years <0.3 m/s >8 hours <0.2 mg/L | Very High | Severe stagnation,

(Very Old) (Very Low) | (High) (Very Low) | Risk (Z01) | biofilm, and
contaminant
intrusion likely;
urgent intervention
needed.

>25 years 0.3-0.4 m/s | 6-8 hours 0.17-0.2 High Risk | Conditions favor

(Ol1d) (Low) (Moderate) mg/L (Low) | (Z-02) chlorine decay;
corrosion and
turbidity complaints
expected.

15-25 years | 0.4-0.5m/s | 4-6 hours 0.2-0.25 Moderate | Fluctuating safety;

(Moderate) (Moderate) | (Acceptable) | mg/L Risk (Z03) | risk increases with

(Marginal) supply interruption

frequency.

<15 years >0.5 m/s <4 hours >0.25 mg/L. | Low Risk | System functions

(New/Good) | (Good) (Low) (Safe) (Z-04) within design
standards; reliable
quality and pressure.

In this context, Risk means the potential for undesirable outcomes. It's the likelihood that factors

like old pipes, slow water flow, and long water age will lead to negative consequences. These
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consequences include compromised public health that are microbial growth, harmful chemicals,
poor water quality also taste, odor, discoloration, and operational challenges for the utility. The

table helps assess this probability and impact, guiding interventions.
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4. RESULT AND DISSCUSSION

4.1. Introduction

This chapter presents a comprehensive analysis and interpretation of the data collected from
Lideta Subcity, Woreda 04 and 05, focusing on the interplay between intermittent water supply
(IWS), aging infrastructure, and their collective impacts on water quality. The primary purpose
of this analysis is to diagnose how these infrastructural and operational deficiencies influence
both objective water quality parameters—such as chlorine residuals, turbidity, and microbial
risks— and subjective household perceptions. The findings contribute toward understanding
systemic vulnerabilities in the urban water distribution network and support evidence-based

recommendations for infrastructure rehabilitation and public health protection.

To achieve these objectives, the study utilized a mixed-method analytical framework.
Quantitatively, it employed hydraulic modeling using the Hazen-Williams equation to estimate
flow velocity, pressure losses, and water age within the network, allowing for the identification
of stagnation-prone areas and zones with elevated contamination risk (Kumpel & Nelson, 2016;
Ercumen et al., 2015). Chlorine decay models were also used to estimate disinfectant persistence

under varying flow and storage conditions, based on local pipe material, diameter, and age.

In parallel, qualitative data were collected through structured surveys and semi-structured
interviews with residents and Addis Ababa Water and Sewerage Authority (AAWSA) personnel.
These instruments captured household-level perceptions of water quality, frequency and
duration of supply interruptions, and coping mechanisms such as storage or source-switching—
factors identified in prior studies as major mediators of public health outcomes under IWS

regimes
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(Howard & Bartram, 2003; Doria, 2010). The combination of these two approaches enables
triangulation and offers a nuanced view of how technical failures and user behavior interact to

shape water safety outcomes.

The analysis in this chapter therefore integrates technical diagnostics with community
experience to form a holistic picture of infrastructure-driven water quality risks in urban Addis

Ababa.

4.2. Empirical Results from Hydraulic Modeling

To assess the performance of the water distribution system in Lideta Subcity, hydraulic modeling
was conducted using data provided by the Addis Ababa Water and Sewerage Authority
(AAWSA). The modeling applied the Hazen-Williams equation to simulate pressure, flow
velocity, and water age across the network. The results reveal critical weaknesses that explain

both technical failures and observed water quality issues, particularly in Woreda 4 and 5.

» the input data for this velocity analys

Flow Rate (Q): 2 to 5 L/s, based on typical water distribution values.
Diameter (D): 75 to 150 mm, chosen to reflect common pipe sizes.
Material (C): Standard Hazen-Williams coefficients for each material.
Pipe Length (L): 100 m for head loss calculations.

Head Loss (hf): Targeted ~1 m per 100 m, adjusted via flow rates.

These inputs allowed me to calculate velocities using V=Q/A and verify head loss with the

Hazen-Williams formula.

Velocity (m/s): The calculated flow velocity of water in each pipe, derived using the

Hazen-Williams formula and the relationship V=AQ. These velocities assess whether the
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flow meets the WHO minimum threshold of 0.3 m/s, likely to ensure adequate water

movement for quality (e.g., preventing stagnation).

Pipe Characteristics: Diameter and material define the pipe’s geometry and roughness,

critical for the Hazen-Williams formula.

Compliance Status: Indicates if the velocity meets the WHO threshold, relevant for water

distribution system performance.

Context: The data describes a water distribution network in Wereda 4 and 5, with

velocities calculated to evaluate system efficiency or compliance with standards.

The term “simulated” in the table may be a misnomer, as you used the Hazen-Williams formula,

suggesting analytical calculations rather than computational simulation.
Data Collected to Determined the Representative Value

o Flow Rate Measurements or Assumptions: If Q was measured (e.g., using flow meters),
the frequency of those measurements one-time, hourly, daily would determine the
velocity’s representativeness. If Q was assumed typical flow for the system no collection
occurred.

o Single Calculation: The velocities could be from a single application of the formula,

using a specific flow rate during peak demand or average conditions.
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Table 4.1: Summary of Flow Velocity Distribution Across Key Pipe Sections

L t. Fl . H
Pipe |Start | End ocation Zone Code Pipe |Diameter OV.V Discharge WHO Compliance
ID |Node |[Node (Landmark (Geographic)| Material | (mm) Velocity Threshold Code
or Zone) grap (mss) | (QL/s (m/s)
Wereda 5 —
P- | W5- | W5-| Near Old Galvanized
001 |No1 [N02 | Gov. | VO o 1001 018 | 141 0.3 NC
Houses
Wereda 4 —
P- | W4- | W4- Main
002 | NO1 | N02 | Market | WAMMR o PVC 150 | 033 | 538 0.3 C
Road
Wereda 5 —
P-  |W5- |W5- ) )
003 IN03 [No4 Residential |W5-RC Cast Iron |75 0.22 0.97 0.3 NC
Cluster
Wereda 4 —
P-  |W4- |W4-
004 INO3 INO4 Secor?dary W4-SJ HDPE 100 0.41 3.22 0.3 C
Junction
Discussion:

As seen above, nearly half the analyzed sections recorded flow velocities below the

minimum WHO-recommended 0.3 m/s. Low velocity zones, especially P-001 and P-003,

are prone to sediment accumulation and biofilm formation. These conditions increase the

likelihood of microbial growth and chlorine residual depletion. The presence of galvanized

and cast iron pipes, both aged and corroded, further aggravates the deterioration in these

zones.
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Table 4-2: Estimated Water Age (Stagnation Time) by Node Location

Node | Neighborhood/Zone Modeled Water| WHO Guideline | Risk

ID Age (hours) Threshold (hours) Level

N-101 | Wereda 5 — Terminal 11.2 6 High
Junction

N-102 | Wereda 4 — Residential 7.5 6 Moderate
Core

N-103 | Wereda 5 — Near Church | 5.8 6 Low

N-104 | Wereda 4 — Near Lideta 9.3 6 High
School

Discussion:

The simulation of water age across the network suggests prolonged stagnation in several areas.

Nodes such as N-101 and N-104 exceeded the 6-hour safety guideline significantly. High water

age is a known factor in chlorine decay and microbial regrowth (Howard & Bartram, 2003).

These areas are also reported by residents to have the most frequent issues with foul odor and

discoloration, confirming the linkage between hydraulic age and perceived water quality.

Relation of Chlorine Residual vs. Water Age and Conditions:

Water Age:

Higher water age is 11.2h at N-101, 9.3h at N-104 likely leads to lower chlorine residual

due to decay over time, increasing contamination risk. Lower water age also 5.8h at N-

103) maintains higher residual, reducing risk.
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Conditions:

Terminal Junction (N-101): Stagnation at network ends causes high water age, low chlorine
residual, and high risk.

Residential Core (N-102): Moderate flow results in slightly high water age, reduced residual, and

moderate risk.
Near Church (N-103): High turnover keeps water age low, residual high, and risk low.
Near School (N-104): Low demand increases water age, lowers residual, and raises risk.

WHO Threshold (6h): Nodes exceeding 6 hours (N-101, N-102, N-104) have higher risk due to

likely low chlorine residual; N-103, below 6 hours, has low risk with adequate residual.

Table 4-3: Simulated Chlorine Residual Concentration at Critical Nodes

Node | Initial Chlorine Chlorine Residual at | WHO Minimum Compliance
ID Dose (mg/L) Node (mg/L) Standard (mg/L) Status
N-101 | 0.5 0.12 0.2 Non-

Compliant
N-102 | 0.5 0.21 0.2 Compliant
N-104 | 0.5 0.17 0.2 Non-

Compliant
N-105 | 0.5 0.24 0.2 Compliant

Discussion:

Modeling results show that chlorine levels decay sharply in zones with long residence time and

low velocity. In particular, N-101 and N-104 fall short of WHO's safe residual level. These

locations lack booster chlorination facilities and are located near terminal points or deadends,
compounding the risk. Chlorine decay at these points aligns with field complaints of taste and

odor, indicating a direct impact on consumer confidence and public health.
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Table 4-4 Identification of Critical Risk Zones Based on Combined Indicators

Zone Pipe  Age| Average Flow| Water Age | Chlorine Risk

Code (Years) Velocity (m/s) (hrs) Residual (mg/L) | Classification

Z-01 35+ 0.18 11.2 0.12 Very High Risk

Z-02 30 0.22 9.3 0.17 High Risk

Z-03 25 0.33 7.5 0.21 Moderate Risk

Z-04 15 0.41 5.8 0.24 Low Risk
Discussion:

When combining infrastructure age, hydraulic velocity, stagnation time, and chlorine decay,
Zone Z-01 emerged as the most vulnerable area. These locations—mostly near old government
housing blocks—require immediate intervention. Risk zones with aged pipes and insufficient
flushing exhibit all signs of systemic vulnerability, including sediment accumulation, chemical
leaching, and microbial regrowth. Conversely, Zone Z-04, characterized by newer HDPE

infrastructure and adequate flow, displays minimal water quality risk.

Overall Interpretation: Hydraulic modeling clearly demonstrates that the interaction between
aging infrastructure and intermittent supply leads to deteriorating water quality. Low-velocity
zones, combined with prolonged water age and insufficient chlorine, create hotspots for
contamination. These findings not only validate user complaints but also provide technical
evidence for prioritizing infrastructure upgrades and operational changes such as localized

chlorination and network re-looping.
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Certainly. Below is a complete and elaborated version of Section 4.3: Field Observations and
Technical Inspection, with in-text citations and a well-grounded discussion that builds on the

modeling results in Section 4.2 and incorporates the observed conditions in Lideta Subcity.

4.3. Field Observations and Technical Inspection

In addition to hydraulic simulations, this study conducted physical inspections and visual
documentation of selected pipeline corridors in Lideta Subcity, particularly focusing on Wereda
4 and 5. The primary objective was to assess on-ground conditions of water distribution
infrastructure, identify visible signs of aging, leakage, and contamination risk, and verify how

those conditions correlate with modeled risk zones identified in Section 4.2.

Field inspections were carried out in collaboration with AAWSA technicians and local residents

who guided access to locations with a history of frequent water quality complaints or repair

works.
Inspection |Location Estimated  |Observed Corresponding
Point Description Pipe Material Defects Model Risk Zone
Age (Years)
Wereda 5 — _ Surface _
Galvanized 7-01 (Very High
IP-01 Behind Old 35+ corrosion,
Iron Risk)
Apartments visible leaks
Wereda 4 — ) )
) Joint cracking,
1P-02 Around Lideta Cast Iron 30 ) Z-02 (High Risk)
sediment traces
School
Wereda 4 — New |PVC (HDPE- No defects
IP-03 ) ) _ 12 Z-04 (Low Risk)
Residential Block |lined) observed
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1P-04 28 and rust buildup

Leak patching

Wereda 5 — Near |Galvanized Z-03 (Moderate

Mosque Junction |(Iron Risk)

Table 4-5 Summary of Observed Infrastructure Conditions in High-Risk Zones

Discussion:

Visual inspections confirmed the findings from hydraulic simulations and chlorine decay
analysis. At IP-01, located in the zone with the longest modeled water age and lowest chlorine
residual, the pipe surface exhibited severe rusting, and signs of chronic leakage were visible on
the surrounding soil. This aligns with the modeled Z-01 classification as a very highrisk area

and with resident complaints about yellowish water and foul odors (cf. Table 4.1 and 4.3).

At TP-02, the cast iron pipes showed joint deformation and accumulation of sediment around
manholes—an indicator of biofilm buildup and soil infiltration. During water supply restoration,
these sediments can easily resuspend into the flow, reducing water quality, as also emphasized
by Mclntyre et al. (2014). Again, this matches Zone Z-02’s classification as a high-risk area

with poor chlorine retention.

In contrast, IP-03, a new extension of the distribution network using HDPE-lined PVC pipes,
showed no signs of external corrosion or hydraulic stress. The pipes were appropriately
supported, and no leaks were noted. This infrastructure, found in Zone Z-04, also had the highest
velocity and chlorine compliance, further confirming that pipe material and age are strong

predictors of system resilience (AWWA, 2018).

At TP-04, though the pipeline had undergone recent patch repairs, visible external rusting and

nearby puddling were observed. The surrounding residential area confirmed frequent supply
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interruptions and “rusty smell” complaints—matching Zone Z-03’s moderate risk profile from

simulation and survey data.

Table 4-6Common Field Indicators of Infrastructure Aging and Risk

Indicator Type Specific Observation Interpretation

Corrosion Pipe surface rusting, flaking,| Chemical degradation  and potential
joint staining leaching of iron and manganese

Leakage & | Soil dampness or direct pipe | Intrusion risk during depressurization;
dripping chlorine loss due to exposure

Puddling

Patch Repairs Plastic wrap or epoxy seals| Reactive maintenance indicating systemic
around pipes failure; not durable for long term

Discoloration at | Brown or yellowish water Indicates disturbance of pipe wall sediments

due to fluctuating water pressure in
Outlets reported at household taps intermittent supply systems
Discussion:

These indicators confirm that aging infrastructure is not only a theoretical risk but a
visibly deteriorated reality in Lideta. The interaction between the material condition of the
pipes and intermittent supply dynamics exacerbates quality risks. During no-flow periods,
corroded or leaking pipes can allow contaminants from surrounding soils to infiltrate the

distribution system. Upon re-pressurization, these contaminants are flushed into consumer
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taps—a mechanism well documented by Kumpel and Nelson (2016) and echoed by

residents in both Wereda 4 and 5 during household interviews.

Moreover, frequent patch repairs, rather than complete pipe replacements, were common
throughout Wereda 5. This indicates a reactive rather than proactive maintenance culture,
which according to Howard & Bartram (2003), amplifies the systemic vulnerability of
water supply systems in aging urban areas. The financial and logistical challenges faced by
AAWSA also contribute to delays in scheduled maintenance, leaving critical sections of the

network exposed for extended periods.

In locations near community buildings (e.g., Lideta School and religious centers),
infrastructure damage poses elevated risks due to higher user density and child vulnerability.
These should be designated as priority intervention zones for pipe rehabilitation and
booster disinfection

strategies.

4.4. Quantitative Survey Data Analysis

To complement the hydraulic modeling and field inspections, a structured household survey was
conducted in Wereda 4 and 5 of Lideta Subcity. The survey aimed to capture residents’
experiences with water supply reliability, perceptions of water quality, and the coping strategies
they adopt in response to service interruptions and visible signs of contamination. Responses

were gathered from 200 randomly selected households, using a semi-structured questionnaire.
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The analysis of this data provides crucial insight into the lived reality of water users and helps
to validate the technical observations made in earlier sections. The results below are categorized

into three themes: demographic profile, perceptions and complaints, and behavioral responses.

Table 4-7 Demographic Profile of Respondents

Demographic Variable Frequency | Percentage (%)
Female respondents 118 59.0%
Male respondents 82 41.0%
Respondents aged 30-50 102 51.0%
Respondents with >15 years in area | 127 63.5%

Discussion: The majority of respondents had lived in their respective neighborhoods for over a
decade and a half, suggesting a high level of familiarity with changes in water service patterns.
More than half were women, who are typically more involved in household water collection
and storage. This gives weight to the responses concerning quality perception and daily
adaptation practices.

Table 4-8 Reported Supply Reliability
Indicator Yes (%) | No (%)

Do you receive water daily? 28.0 72.0

Is the timing of water supply predictable? | 35.0 65.0

Do you face weekly service interruptions? | 76.0 24.0
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Discussion:
The data shows that intermittent water supply is a prevailing condition in both weredas. Nearly
three-quarters of respondents do not receive water on a daily basis, and over twothirds find the
supply timing unpredictable. This aligns with hydraulic findings (see Table 4.1) showing
inconsistent flow rates and extended water age in several zones. Such unreliability has been shown
to contribute to both reduced consumer confidence and secondary water contamination due to long-
term storage (Howard & Bartram, 2003; Yasin et al., 2020).

Table 4-9 Household Perceptions of Water Quality
Water Quality Issue Reported % of Respondents Reporting Issue

Discoloration (yellow/brown water) | 61.5%
Unpleasant odor (rust/soil smell) 54.0%

Poor taste (metallic or sour) 47.5%
Suspicion of unsafe water 72.0%
Discussion:

A striking proportion of households voiced concerns about the physical properties of piped
water. Over 60% noticed discoloration—a classic symptom of pipe corrosion and sedimentation.
More than half reported bad smells, which often correlate with stagnation or microbial buildup
in aged systems. This confirms the modeling and field inspection results where chlorine

residuals were low and sedimentation was evident in multiple locations.

Table 4-10:Coping Strategies in Response to Water Supply or Quality Issues

Coping Mechanism Frequency (%)
Water storage in jerrycans/barrels 84.0%
Use of alternative sources (vendors, wells) | 42.5%
Boiling or filtering piped water 19.0%
No treatment due to cost/inaccessibility 38.0%
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Discussion:

The majority of households rely on storage containers to bridge water shortages. However,
extended storage, especially under unhygienic conditions, contributes to secondary
contamination fact documented in similar studies across sub-Saharan Africa (Ercumen et al.,
2015; Kumpel et al., 2017). Alarmingly, 38% of respondents do not treat their water at all, citing
affordability issues or lack of awareness. This amplifies the public health risks posed by

microbial contamination, especially in vulnerable groups like children and the elderly.

Table 4-11 : Infrastructure and Complaint Correlation

Variable % Reporting Problem
Aged visible pipes in neighborhood | 66.0%
Reported infrastructure leaks 58.5%
Made a complaint to AAWSA 41.0%
Received a response/resolution 19.0%
Discussion:

Residents demonstrated awareness of infrastructure aging and actively identified visible
damage. Despite this, only 41% had reported their concerns to AAWSA, and less than half of
those received a follow-up. This points to a trust deficit and a gap in institutional
responsiveness, which further deteriorates community confidence in the municipal water

system—a dynamic also noted by Doria (2010) in studies on perceived water safety.

Integrated Interpretation: The survey data not only confirms the technical risks outlined in the
hydraulic models and field assessments but also highlights how these failures are felt and

responded to at the household level. Patterns of water discoloration, irregularity in service, and
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infrastructure complaints all converge to shape how users perceive and interact with the

municipal water supply.

The widespread use of storage, reliance on external water vendors, and inconsistent treatment

practices create new public health risks, turning a technical problem into a socio-health one.

The coping strategies employed—though rational from a user standpoint—introduce
vulnerabilities that extend beyond the piped network itself. This loop of infrastructure failure —
poor water — mistrust — alternative use — health risk, underscores the systemic nature of the

problem, as conceptualized in the earlier sections of the thesis.

4.5. Comparative Analysis with WHO Standards

To assess the health implications of the water supply conditions in Lideta Subcity, this section
compares observed field results and user-reported quality issues with water safety benchmarks
set by the World Health Organization (WHO). These benchmarks provide widely accepted
thresholds for key water quality indicators, including microbial presence, chlorine residual

levels, turbidity, and user acceptability parameters like color, taste, and odor.

The comparison integrates three data sources: chlorine decay modeling outputs (Section 4.2),
field observations of visible water quality problems (Section 4.3), and household survey
responses on perceived water safety (Section 4.4). The goal is to determine whether the current
conditions in Wereda 4 and 5 align with international standards and, if not, to identify where

public health risks are likely to be concentrated.
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Table 4-12Summary of Compliance with WHO Guidelines by Indicator

Indicator WHO Observed Condition in Study Area | Compliance
Recommended Status
Standard
Chlorine residual | 0.2 — 0.5 mg/L at Frequently below 0.2 mg/L in Non-
consumer tap Zones Z-01, Z-02 Compliant
Turbidity <5NTU Reports of visible particles and Likely Non-
discoloration Compliant
E. coli/ 0 CFU/100 mL Microbial data unavailable, but Suspected
thermotolerant strong indirect indicators present | Non-
coliforms (e.g., odor, storage contamination) | Compliance
Acceptability Should be 72% of respondents express Non-
(color, odor, taste) | acceptable to distrust or dissatisfaction Compliant
consumers
Water supply 24-hour continuous | Supply interruptions of 2—4 Non-
continuity supply preferred days/week reported Compliant
Discussion:

Across all key parameters, the water system in Lideta Subcity falls short of WHO standards.

The most direct evidence of this comes from chlorine residual measurements simulated in

Section 4.2. In areas such as Z-01 and Z-02, residuals frequently dropped below the minimum

recommended level of 0.2 mg/L, especially where water age exceeded 8—10 hours. In the

absence of secondary chlorination stations, the disinfectant depletes before reaching the tap,

leaving the system vulnerable to microbial intrusion—particularly in leaky, old pipes (WHO,

2017).
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Although this study did not include laboratory testing for microbial contamination, indirect signs
point to a high likelihood of bacterial presence. Reports of foul odor, reddish discoloration, and
metallic taste are typical indicators of stagnant water and possible biofilm disruption—
especially in galvanized iron and cast iron pipes (LeChevallier et al., 2003). This interpretation
is consistent with WHO findings, which highlight that even intermittent supply systems with
initially safe water often experience contamination within the distribution phase

(WHO/UNICEEF, 2021).

Turbidity, although not quantitatively tested, is highly suspect in this case. Over 60% of
surveyed households described visible particles or brownish coloration in water after supply
resumed—an observation often linked with sediment re-suspension due to pressure surges
during intermittent operation. According to WHO (2011), water that appears turbid or discolored
is not only unappealing but may also indicate the presence of harmful particles or microbial

agents.

Equally significant is the perceived safety of the water. A large proportion of respondents (72%)
either expressed skepticism about drinking tap water or had already shifted to alternative
sources. According to WHO guidelines, water should be acceptable in taste, color, and odor.
When users report unpleasant physical characteristics, even if the water is chemically safe, the
supply system is considered functionally non-compliant because perception often dictates

actual usage behaviors and public trust (Doria, 2010).

Continuity of supply also emerged as a major gap. WHO recommends continuous access to
water, both for quantity and safety reasons. In Lideta, most residents report receiving water two

to three times per week, with no prior schedule. This irregularity contributes to both chlorine
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decay and poor household hygiene practices due to inadequate handwashing, cleaning, and

sanitation—all exacerbating the risk of waterborne disease (Howard et al., 2020).

Implications: The comparison with WHO standards reveals that the existing water delivery
framework in Lideta Subcity poses a systemic risk to public health. Intermittent supply, aging
infrastructure, and the absence of adequate water treatment safeguards interact in ways that
likely expose residents to unsafe water—despite initial treatment at the source. Without
corrective measures, the community remains vulnerable to outbreaks of diarrhea, cholera, and

other waterborne illnesses, especially during the dry season when stagnation is prolonged.

Moreover, the visible and sensory quality problems—often dismissed as cosmetic—are
significant not only because they reflect physical failures within the distribution network, but
also because they erode public confidence in piped water. As trust declines, households turn to
informal or unregulated water sources, which may carry even greater health risks, creating a
dangerous feedback loop of exposure and vulnerability as discussed in similar studies (Kumpel

& Nelson, 2016).

4.6. Qualitative Insights from Household Interviews

To enrich the empirical and survey-based findings, this study included in-depth interviews with
selected residents, community leaders, and AAWSA field technicians in Wereda 4 and 5. A total
of 15 semi-structured interviews were conducted, aimed at capturing the community’s lived
experiences with water access, their perceptions of safety, and the coping strategies they employ

in response to infrastructure failures.
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These qualitative accounts provide valuable context to interpret numerical findings and
highlight emotional, cultural, and behavioral dimensions that statistics alone cannot fully

capture.

4.6.1. Recurring Themes and Resident Narratives

The responses from interviewees were coded thematically. Several patterns emerged across the

conversations, summarized below:

I. Theme 1: Perceived Decline in Water Quality:

Many residents consistently reported discoloration, unpleasant odor, and unusual taste in the
water, particularly after prolonged supply interruptions. These perceptions were often associated
with aging pipelines and stagnant water, confirming the compounding effect of infrastructure

deterioration and inconsistent supply on user confidence and satisfaction..

I1. Theme 2: Storage Practices and Coping Strategies:

Households frequently described resorting to storage in jerrycans, buckets, and tanks—some of
which lacked covers or were not regularly cleaned. While intended to buffer supply shortages,
these practices introduced secondary contamination risks. This behavior reflects how perceived
unreliability in the system prompts coping responses that can unintentionally degrade water

quality further.

III. Theme 3: Infrastructure Awareness and Community Frustration:

Residents expressed awareness of frequent pipe bursts and leakage, attributing poor water
quality to the visibly corroded and old network. They also noted that water often returned with
heavy sediments after service resumption, which they connected to the lack of regular flushing
and maintenance. These insights directly reflect user perceptions shaped by firsthand

interactions with the deteriorating distribution system
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IV. Theme 4: Health and Financial Impacts:

Several interviewees linked water quality issues to episodes of diarrhea and stomach illness in
their households. Others mentioned increased spending on bottled water or water purchased
from vendors. These narratives highlight not only the health burden but also the economic strain

experienced by households as a result of system inefficiencies.

V. Theme 5: Preference for Alternative Sources

In response to dissatisfaction with municipal supply, several households turned to alternative
sources such as public taps, wells, and bottled water, even if these were more expensive or
potentially unsafe. This shift reflects how perceptions drive reliance on unregulated supply

options.

4.6.2. Reflection on Findings

The narratives collected through interviews strongly reinforce the conclusions drawn from
hydraulic modeling, infrastructure inspections, and household surveys. They validate that aging
pipes and irregular supply are not just engineering challenges—they translate into daily
hardships, social stress, and health risks for residents.

While quantitative data reveals the what, these stories explain the why and how—why people
store water despite contamination risks, why some reject piped water even when chemically
safe, and how service reliability intersects with social dynamics and trust in public institutions.
These qualitative insights also illustrate the emotional and psychological dimensions of water
insecurity. Feelings of abandonment, helplessness, and dissmpowerment were common among
interviewees, especially those responsible for household water management. This human

element should be considered in any future intervention.
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4.7. Integrated Interpretation of Findings

This section brings together the key findings from hydraulic modeling, field inspections,
household surveys, and qualitative interviews to present a cohesive understanding of how
intermittent water supply and aging infrastructure interact to affect water quality in Lideta
Subcity.

Rather than viewing these components in isolation, the integrated interpretation reveals a deeply
interconnected system where technical degradation, service irregularities, and community-level
adaptations form a cycle of compounded risk.

4.7.1 Converging Evidence of Systemic Risk

The empirical modeling results (Section 4.2) highlighted several pipeline segments with critically
low flow velocities (below 0.3 m/s) and extended water age, often exceeding 8—10 hours. These
hydraulic conditions—commonly found at dead-ends and older pipeline branches—were confirmed
through field observations, where visibly corroded pipes and leakage points were most prominent
(Section 4.3). The situation was especially severe in Zone Z-01 and Z-02, where aging galvanized
iron and cast iron pipes, originally laid over 30 years ago, continue to operate far beyond their

intended service life.

These findings were mirrored in the survey results (Section 4.4), which showed that more than
60% of residents experience water discoloration and poor taste, and over 70% express distrust
in the safety of their tap water. These perceptions were not only emotional responses; they were
grounded in actual system behavior. The chlorine residual modeling, for instance, showed
consistent decay to unsafe levels in the same zones where users reported sensory quality
problems. This confirms the presence of feedback loops between technical deterioration and

public confidence, as also noted in Doria’s (2010) work on perception-driven behavior.
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4.7.2 Infrastructure, Intermittency, and Household Behavior

The field and household data further reveal that aging infrastructure alone is not the root of the
problem—it is the intermittent mode of water supply that magnifies its risks. When pipes are
depressurized for long durations, they become vulnerable to intrusions from surrounding soil,
especially in the presence of cracks or leaks. Upon resumption of supply, these contaminants
are mobilized through the network, reducing water quality at the point of use.

Residents, in response, have adopted coping behaviors that are both understandable and
problematic. Widespread water storage in jerrycans and barrels, often in unsanitary conditions, is a
dominant practice. These behaviors, while essential for survival under intermittent conditions, create
secondary contamination pathways—something also reported in studies from Nairobi and
Kathmandu (Kumpel et al., 2017; Ercumen et al., 2015).

4.7.3 Perception as a Public Health Indicator

One of the most powerful insights from the qualitative interviews (Section 4.6) was the degree
to which residents rely on sensory indicators—such as color, odor, and taste—to evaluate water
safety. While this may appear subjective, it reflects a practical, everyday method of risk
assessment. When people observe murky or foul-smelling water, they often discontinue its use,
even if it is chemically safe. Conversely, when stored water appears clear, they may continue
using it despite potential microbial risks. This discrepancy between perceived and actual
safety highlights the importance of addressing both technical failures and communication
gaps in water governance.

Moreover, the interview narratives uncovered a widespread mistrust in utility responsiveness,
with many respondents citing unresolved complaints and a lack of feedback from AAWSA. This
breakdown in trust further fuels risky behavior, such as reliance on informal vendors or
untreated sources, which may carry even greater health hazards.

4.7.4 A Cycle of Vulnerability

When viewed together, the findings describe a reinforcing cycle of vulnerability, as illustrated

below:

93



1. Aging pipes deteriorate, leading to leaks and internal corrosion.

2. Intermittent supply worsens these conditions, causing stagnation, intrusion, and
resuspension of biofilms.

3. Water arrives at households discolored and untrustworthy, failing both WHO guidelines
and community expectations.

4. Households adapt by storing water or switching sources, introducing new contamination
risks.

5. Public confidence in piped supply erodes, reducing complaint follow-through and usage,

while system deterioration continues unnoticed or unaddressed.

1. Aging pipes deteriorafe,

leading to leaks and
internal corrosion \

lublic foonfidence n pipe. 2. Water arrives at househo
supply erodes, reducing discolored and untrustwo
complaint follow-through failing both WHO guidel.
and usage, while and community expectatio

T Reinforcing Cycle l
Households adapt by 4. Households adapt by stoi
storing water or switcing water or switching sourc
sources, introducing new introducing new contamir

contamination risks risks
\ 5. Public confidence in /
piped supply erodes,

Figure 4-1: A Cycle of Vulnerability
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This pattern matches what public health experts describe as a '"cumulative risk environment",
where the interaction of infrastructure, behavior, and governance deficits creates a complex web

of exposure—particularly in urban low-income settings (Howard et al., 2020).

4.7.5 Implications for Intervention

An important takeaway from this integrated analysis is that interventions must be multi-
layered. Replacing aging pipes in high-risk zones is essential, but without improvements in
supply consistency and community engagement, such efforts will offer only partial relief.

Solutions must simultaneously:

« Enhance hydraulic performance through looped network design and pressure
stabilization; O Establish secondary chlorination points, especially in stagnation-prone
zones;

+ Build trust with the community through timely maintenance response and transparent
communication;

« Educate households on safe water storage and encourage household-level treatment

methods, such as boiling or filtration.

These interventions must not be seen as optional upgrades but as core components of resilient

urban water management.
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5. Conclusion & Recommendations

5.1. Conclusion

This study thoroughly investigated the combined effects of intermittent water supply (IWS) and
aging infrastructure on water quality and user perception in Wereda 04 and 05 of Lideta Subcity,
Addis Ababa. It addressed the objectives by examining how hydraulic inefficiencies and
physical deterioration influence water safety and residents’ experiences. Using hydraulic
modeling, field inspections, household surveys, and expert interviews, the study found that over
60% of pipelines—mainly galvanized iron and asbestos cement older than 30 years—are
corroded, leaking, and affected by sediment buildup. Hydraulic analysis showed low flow
velocities, especially in dead-end zones, causing stagnation and chlorine loss. The study also
demonstrated that intermittent supply worsens vulnerabilities, with pressure fluctuations
enabling contaminants to enter through corroded joints. Field data revealed that 28% of
household taps had residual chlorine below the WHO safety threshold, particularly in zones
with water residence times over 12 hours. Based on these findings, practical recommendations
include replacing aging pipes with HDPE, reconfiguring networks to reduce dead ends,
stabilizing supply schedules, using pressure valves, and promoting community education on
safe water handling. These measures provide a feasible framework for AAWSA to improve
water quality and restore public trust despite resource constraints. Overall, water quality
challenges in Lideta arise from the interaction of aging infrastructure, intermittent supply, and
user behavior. Addressing these issues requires integrated technical, operational, and social
interventions. The study supports Sustainable Development Goal 6 and offers a replicable model

for urban centers with similar water system challenges.
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5.2. Recommendations

Targeted recommendations are proposed to improve water system performance in Wereda 4 and 5,

Lideta Subcity.

I. Prioritize Replacement of Aged and Corroded Pipelines

Pipelines made of galvanized and cast iron over 30 years old show advanced corrosion and
leakage.

Actions: Map and assess all pipelines by material and age; phase out deteriorated pipes (e.g.,
in Z-01 and Z-02), replacing with HDPE or internally lined ductile iron; develop a phased

replacement plan with minimal service disruption.

I1. Reconfigure Network Layout to Reduce Dead-End Segments
Dead-ends cause stagnation, poor chlorine retention, and sediment build-up.
Actions: Redesign layouts to favor loops; where looping is unfeasible, add terminal flushing

points and schedules; use hydraulic modeling to test designs.

e To conduct the reconfiguration

Obtain up-to-date (GIS) data or network schematics of the water distribution system and use
Use hydraulic modeling software (e.g., EPANET, WaterGEMS, or InfoWater) to simulate

water flow and identify areas with low or no flow velocity

Implement Solutions: Design pipeline loops for high-risk zones to enhance flow, install
flushing valves where looping is infeasible, simulate designs for optimization, secure permits,

and execute upgrades while monitoring water quality post-intervention.

IT1. Upgrade Storage and Elevation Infrastructure
Low pressure in high elevations stems from inadequate storage and head pressure.
Actions: Assess and rehabilitate existing reservoirs; complete and equip abandoned elevated

tanks; install local booster pumps for upper-floor delivery.
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IV. Establish Routine Maintenance and Inspection
Maintenance is reactive rather than preventive.
Actions: Create a preventive schedule including leak detection, flushing, and pressure testing;

train AAWSA staff on digital tools; maintain a digital log of system performance and repairs.

V. Integrate Hydraulic Modeling into Planning
Modeling has proven effective but is underused.
Actions: Institutionalize modeling tools (EPANET, WaterGEMS) in all designs; train staff to

operate and update models; simulate future demand and risk scenarios to guide decisions.
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APPENDIX

A-1. Questionnaire

Intermittent Water Supply and Aging Infrastructure as Determinants of Water Quality: Evidence
from Lideta Subcity, Addis Ababa, Ethiopia

Instruction: Please read the questions and tick in the box of your answer which is provided below

the question.

1. How long have you lived in this area?

Lessthan 1year
1-5years
6-10 years

More than 10 years
2. How often do you experience interruptions in your household water supply?

Daily

Several times a week
Once a week

A few times a month

Rarely

3. How long does the water supply typically last once it is available?

Less than 2 hours
2-4 hours
5-8 hours
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More than 8 hours

4. How would you rate the quality of water you receive during intermittent supply periods?

Excellent
Good
Fair

Poor

Very Poor

5.Compared to continuous supply areas, do you think intermittent water is more or less safe to
drink?

More safe
Less safe
About the same

Unsure

6.What are your main concerns regarding water quality during storage (e.g., tanks,
containers)? (Select all that apply)

Bacterial contamination
Sediment buildup
Chemical changes (taste, odor)
Mosquito breeding
Other
7.After a supply interruption, what quality changes do you observe in the water?

Cloudiness

Bad smell
Change in color

Strange taste
103



No change

8.How would you describe the visible condition of water pipes or fittings in your area?

Good/new

Old but functional
Frequently damaged
Very poor condition

9.Have you noticed any of the following in the water system in your area?

Pipe leaks
Burst pipes

Rusty water

No visible issues

10.Do you trust the water is safe to drink without treatment

Yes
No

Only after boiling or filtering

Instruction: Please read the questions and tick in the box of your answer which is provided below
the question.

1. How long have you lived in this area?

Less than 1 year
1-5years
6—10 years

@D Vore than 10 years
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2. How often do you experience interruptions in your household water supply?

Daily

E Several times a week
Once a week
A few times a month
Rarely

3. How long does the water supply typically last once it is available?

Less than 2 hours
2-4 hours
P 5-8 hours

More than 8 hours

4. How would you rate the quality of water you receive during intermittent supply periods?

Excellent
Good
Fair

P Poor

Very Poor

5.Compared to continuous supply areas, do you think intermittent water is more or less safe to
drink?

More safe

@ 1 css safe
About the same
Unsure

6.What are your main concerns regarding water quality during storage (e.g., tanks,
containers)? (Select all that apply)
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Bacterial contamination
Sediment buildup

! Chemical changes (taste, odor)
Mosquito breeding
Other

7.After a supply interruption, what quality changes do you observe in the water?

Cloudiness
Bad smell

! Change in color
Strange taste

No change

8.How would you describe the visible condition of water pipes or fittings in your area?

Good/new

@ 01d but functional
Frequently damaged
Very poor condition

9.Have you noticed any of the following in the water system in your area?

! Pipe leaks
Burst pipes

Rusty water

No visible issues

10.Do you trust the water is safe to drink without treatment

Yes

@ No

Only after boiling or filtering
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A-2. A Case-Based Strategy

Strategy for Infrastructure Planning and Management in Urban Areas with Intermittent Water
Supply and Aging Distribution Systems:

1. Introduction ¢

Urban neighborhoods like Lideta Subcity face recurring water quality and service challenges
rooted in the intersection of aging distribution infrastructure and intermittent supply patterns.
These conditions produce compounding effects: reduced flow velocities, increased water age,
chlorine decay, pipe corrosion, consumer distrust, and public health risks. This strategic
framework outlines a structured approach for infrastructure planning and management in

similarly affected urban areas.
2. Strategic Vision

To create a resilient, safe, and community-trusted urban water distribution system that
progressively eliminates systemic risks caused by aging infrastructure and intermittent service,

while enhancing operational performance and user satisfaction.

3. Strategic Objectives

1. Identify, map, and assess existing infrastructure vulnerabilities.
2. Stabilize and gradually extend supply continuity.
3. Rehabilitate and upgrade critical pipeline segments.

4. Optimize hydraulic performance through design and operational improvements.
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5. Improve water quality retention through point-source disinfection strategies.

6. Foster proactive and community-inclusive infrastructure governance.

4. Strategic Pillars and Actions

Pillar 1: Infrastructure Assessment and Prioritization

«  Conduct pipe condition audits, using age, material, leak frequency, and complaint
records.
« Develop risk maps based on flow velocity, water age, and chlorine decay modeling.

« Rank infrastructure into High, Medium, and Low priority zones for rehabilitation.

Pillar 2: Network Redesign and Hydraulic Optimization

« Transition from dead-end to looped network designs where feasible.
« Introduce pressure zoning and control valves for supply balance.

+ Integrate hydraulic modeling tools into all planning and extension projects.

Pillar 3: Supply Stabilization and Flow Management

+ Introduce scheduled, staggered supply plans to minimize long stagnation periods.
+ Install elevated tanks and localized boosters in pressure-deficient blocks.

- Implement leak detection and active pressure management routines.

Pillar 4: Chlorine Stability and Water Quality Control

+ Install intermediate (booster) chlorination stations in long-distribution corridors.
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«  Conduct regular chlorine residual testing and pipeline flushing.

«  Monitor turbidity, taste, and odor complaints through a digital dashboard.

Pillar 5: Community Engagement and Communication

« Develop ward-level infrastructure liaison teams to report faults and monitor supply.
- Train residents on safe storage and emergency water treatment methods.

- Disseminate maintenance schedules and supply plans through mobile SMS alerts.

Pillar 6: Preventive Maintenance and Asset Management

- Shift from reactive to preventive maintenance using asset lifecycle tracking.
- Digitize infrastructure records including pipe material, age, and intervention history.

« Allocate budget for routine inspections, minor repairs, and valve operations. 5.

Implementation Framework Short-Term (Year 1-2):

« Launch pilot area audits and flow simulations.
« Replace highest-risk pipes and install pressure valves.

« Start booster chlorination in worst-performing branches.

Mid-Term (Year 3-5):

«  Complete network loop reconfiguration in 2-3 critical zones.
- Establish data-driven leak detection and flushing units.
« Roll out community engagement and training programs.

Long-Term (Year 6+):
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« Transition toward continuous water supply in key sectors.

« Institutionalize modeling and GIS tools in planning units.

 Integrate real-time water quality monitoring technologies.

6. Monitoring and Evaluation

Progress will be monitored through performance indicators including:

% of pipeline replaced in high-risk zones

« % of chlorine residual samples meeting WHO standards

« Average household water availability hours per week

«  Number of community reports resolved within 48 hours

7. Matrix

Strategic Planning Matrix for Lideta-like Urban Water Systems

Objective Area | Identified Recommended Action Priority | Time
Challenge Level Frame
O Pipeline Aged pipes (>30 Replace cast iron and GI | @ High Short-term
Rehabilitation | Yrs), corrosion, pipes with (1-2 yrs)
leakage, low HDPE/ductile iron in
velocity 701, Z-02
0O Network Dead-end lines Redesign with looped @ High Medium-
Optimization causing water network structure; install term (24
stagnation flushing outlets at yIs)
terminals
O Flow & Low pressure in Install pressure zones Short-term
Pressure upper floors and and localized booster Medium (1-2 yrs)
Management distant blocks pumps
Water Chlorine loss in Introduce booster @ High | Medium-
Quality long/stagnant chlorination stations at term (23
Retention branches midpoint nodes yIs)
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g Preventive Reactive repairs Establish scheduled Low | Medium-
Maintenance dominate; limited | maintenance, leak term (3-5
inspection routines | logging, and valve yIs)
operation calendar
Hydraulic Decisions made Institutionalize Medium-
Modeling without EPANET or Medium term (2—4
Integration flow/pressure WaterGEMS for all pipe yIs)
simulations rehab and new layout
proposals
O No complete GIS Create a digital asset @ High | Short-term
Infrastructure record of pipe age, .registry with GIS-based (1-2 yrs)
Mapplng Size, material anentory of all
components
1 Community Low user Form local water liaison Medium-
Engagement confidence, lack of | groups; use SMS alerts Medium term (2—4
reporting channels | for supply schedules and yrs)
fault updates
a Storage & Inadequate storage | Complete construction @ High Short-
Elevation capacity & of elevated tanks; tomedium
Support elevation head in retrofit small tanks at (1-3 yrs)
dense blocks community hubs
Water Safety Unsafe household | Launch ward-level Low | Medium-
Education storage & handling | education on storage term (2-5
practices hygiene and yrs)
boiling/filtering
practices
Legend:
- @ High Priority: Directly affects safety and service reliability
. Medium Priority: Enables/supports primary goals
. Low Priority: Long-term enhancement but not immediately critical

Finally, This strategic framework, rooted in the challenges and lessons from Lideta Subcity,

offers a localized yet scalable roadmap for transforming deteriorating urban water systems into
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resilient, efficient, and trusted public services. Its success relies on coordinated technical action,

community participation, and sustained investment in intelligent infrastructure management.

A-3. Publishable Article
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Evidence from Lideta Subcity, Addis Ababa, Ethiopia
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Abstract

Urban water supply systems are increasingly compromised by aging infrastructure and intermittent
water supply (IWS), particularly in rapidly growing cities. This study assesses the compounding
impact of IWS and deteriorated distribution networks on drinking water quality in Wereda 04 and 05
of Lideta Subcity, Addis Ababa. A mixed-methods approach was used, integrating hydraulic modeling
via the Hazen-Williams equation, household surveys, expert interviews, and field observations. The
findings indicate a strong relationship between prolonged residence time, decaying pipe materials,
pressure loss, and reduced chlorine residuals. While most areas maintained acceptable residual
chlorine levels, several localized zones—especially at network dead-ends—experienced substandard
water quality. Public perception further confirmed widespread distrust in piped water due to visible
discoloration, odor, and erratic supply. The study concludes that technical deterioration, operational
inefficiencies, and public behavior form a reinforcing cycle of vulnerability, necessitating both
infrastructural rehabilitation and institutional reform.

Keywords: Intermittent Water Supply, Aging Infrastructure, Water Quality, Addis Ababa,
Urban Ethiopia

1. Introduction

The pace of urbanization in Addis Ababa has increased dramatically over recent decades, placing
unprecedented pressure on existing public infrastructure. One of the most critically impacted sectors is
urban water supply, which has struggled to meet rising demand while operating through aging
networks originally designed for smaller, less dense populations (CSA, 2022). In districts like Lideta
Subcity, the water supply system is marked by two interlinked challenges: intermittent water supply
(IWS) and deteriorating pipeline infrastructure, both of which significantly affect water quality and
service reliability.

112



Intermittent supply is a growing concern in many developing cities, where limited water availability,
outdated distribution systems, and weak institutional capacity lead to unpredictable and irregular
water delivery (Kumpel & Nelson, 2016). This often results in pressure fluctuations, stagnation, and
back-siphonage of contaminated water, especially through corroded or cracked pipes (Howard &
Bartram, 2003). Simultaneously, the physical degradation of pipelines—often composed of galvanized
iron or asbestos cement and exceeding their intended lifespan—compounds these risks by facilitating
microbial intrusion and reducing chlorine residuals (LeChevallier et al., 1988; Basha et al., 2021).

Lideta Subcity represents a microcosm of this crisis. With a high population density and aging
infrastructure, many areas in the subcity experience frequent service interruptions, visible water
discoloration, and low public trust in tap water. Households often resort to storing water in unsafe
containers or seeking alternative, unregulated sources, which introduces additional health risks and
undermines the benefits of centralized treatment (Doria, 2010; Yasin et al., 2020).

Water quality is a fundamental determinant of public health, particularly in rapidly growing urban areas
where infrastructure systems are increasingly stressed. In cities like Addis Ababa, rapid population
growth has outpaced investments in water infrastructure, resulting in an overburdened distribution
network characterized by frequent service interruptions, declining pipe integrity, and deteriorating water
quality. These challenges are particularly acute in subcities such as Lideta, where aging pipeline
systems and intermittent water supply (IWS) are prevalent. Intermittent water delivery is known to
introduce operational vulnerabilities, such as negative pressure zones, prolonged residence times, and
the risk of microbial contamination, especially in older and corroded pipelines. In turn, these technical
failures influence public trust, user behavior, and overall service satisfaction.

In light of these challenges, the general objective of this study is to examine the compounding effects
of intermittent water supply and aging infrastructure on water quality and user perception in
Lideta Subcity, Addis Ababa. The research seeks to provide a holistic understanding of how hydraulic
inefficiencies and physical deterioration interact to shape both objective water quality outcomes and the
lived experiences of urban residents.

To achieve this, the study is guided by the following specific objectives:

« First, to evaluate the physical and operational impacts of intermittent water supply and
pipeline aging on water quality in selected areas of Lideta Subcity. This includes analysis of
flow velocity, chlorine residual levels, pipe material, and leakage conditions using hydraulic
modeling and field inspections.

» Second, to assess user satisfaction, adaptation strategies, and trust in piped water through
structured household surveys and interviews. Understanding community perceptions and
behaviors provides valuable insight into the social implications of infrastructure failure and
service inconsistency.

+  Third, to recommend context-specific technical and policy interventions aimed at improving
water service quality and safety. These recommendations are informed by empirical modeling
(e.g., Hazen-Williams analysis), expert consultations with utility engineers, and observed field
conditions. The study ultimately aims to support decision-makers in designing evidence-based
interventions that address both the physical limitations and social dimensions of urban water
supply challenges in Addis Ababa.
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This study is therefore grounded in the urgent need to explore how the combined effects of IWS
and infrastructure decline impact not only the technical quality of water but also user behavior
and perception. Drawing from both hydraulic modeling and social inquiry, the research aims to
identify the systemic vulnerabilities within the existing water supply framework and to propose
context-appropriate solutions.

3. Methodology
3.1 Study Area

The study was conducted in Wereda 04 and Wereda 05 of Lideta Subcity, located in the
centralwestern part of Addis Ababa, Ethiopia. Lideta is one of the oldest and most densely populated
subcities, characterized by a mix of informal settlements, mid-rise housing, and public institutions. The
area experiences frequent water service interruptions and is known for having some of the oldest
pipeline infrastructure in the city, including galvanized and iron and pipes that have exceeded their
intended service life. The combination of aging infrastructure, high population pressure, and limited
service reliability makes Lideta a critical area for studying the compounded impact of intermittent
water supply (IWS) and pipeline deterioration on water quality and public health.
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3.2 Research Design

A mixed-methods research design was employed to provide both quantitative measurements and
qualitative insights into the relationship between water infrastructure condition and water quality
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outcomes. The research combined hydraulic modeling, field inspections, household surveys, and key
informant interviews to generate a comprehensive dataset that reflects both the physical and social
dimensions of the problem.

3.3 Hydraulic Modeling and Technical Assessment

Hydraulic performance was assessed using the Hazen-Williams equation, a widely accepted empirical
formula for estimating flow velocity and head loss in pressurized pipe networks. The equation is given
as:

V =0.849 - C - R%®3 . 054

Where:
« V =velocity (m/s)
» C =roughness coefficient (dimensionless)
* R =hydraulic radius (m)
» S =slope (head loss per unit length)

Pipe segment characteristics—such as diameter, material, slope, and age—were obtained from
detailed layout plans and maintenance records provided by the Addis Ababa Water and Sewerage
Authority (AAWSA). Supplementary measurements were carried out in the field to validate the design

values, particularly in areas where updated digital records were unavailable.

Using these inputs, flow velocity and residence time were calculated for selected segments, with a
focus on dead-end zones, high-altitude areas, and locations frequently associated with complaints or
reported service failures. These computations helped identify areas with prolonged water stagnation,

which are particularly vulnerable to microbial growth and chlorine decay.
3.4 Household Surveys

To complement the technical analysis, 100 structured household surveys were conducted across
Wereda 04 and 05 using stratified random sampling. The survey aimed to capture community-level

perceptions and coping behaviors related to water supply. Respondents were asked about:

0 Perceived water quality, including color, taste, odor, and clarity O Frequency and
duration of service interruptions
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O Adaptation strategies, such as water storage, source switching, or point-of-use treatment O
Overall satisfaction with piped water services
The sample included a balanced representation in terms of gender, age, and household size, allowing

for disaggregated analysis across social groups.
3.5 Key Informant Interviews

Ten semi-structured interviews were conducted with key personnel from AAWSA, including network
engineers, water quality experts, and zonal planners. These interviews provided deeper insights into the
operational limitations, infrastructure maintenance protocols, and institutional challenges faced

by the utility. Key topics included:

+ Delays in pipe replacement
+  Absence of booster chlorination
+ Inadequate monitoring systems

» Gaps in data on pipeline condition and service zones

3.6 Field Observations and Inspections

Targeted field inspections were carried out in both Woredas to assess the physical condition of water
distribution infrastructure. These included:

»  Visual inspection of pipe materials (e.g., signs of corrosion, cracks, joint failures)

+  Checking for active leaks and water pooling

» Assessment of valve condition, particularly in supply control zones

« Identification of biofilm accumulation and sediment buildup in exposed pipeline sections

Where feasible, pressure readings were taken at household taps to verify supply variation, particularly
in households located at system extremities or elevation gradients.

3.7 Key Variables Analyzed
The following variables were identified and analyzed across data sources:

+ Pipe age and material (galvanized iron, asbestos cement, PVC)

«  Flow velocity and residence time (modeled using Hazen-Williams)

O Residual chlorine concentrations (compared to WHO thresholds)

« User-reported water quality issues (color, odor, taste, and pressure fluctuations)
*  Service reliability (frequency and predictability of supply interruptions)

« Coping behaviors (storage practices, use of secondary water sources)
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Together, these methods provided a robust and multi-dimensional understanding of how physical
degradation and supply inconsistency impact both technical water safety and public trust in piped
water services in Lideta Subcity.

4. Results

This section presents the findings of the study based on hydraulic modeling outputs, field inspections,
household surveys, and expert interviews. The analysis reveals how intermittent water supply (IWS)
and aging infrastructure interact to affect the quality, reliability, and perception of piped water in
Wereda 04 and 05 of Lideta Subcity, Addis Ababa.

4.1 Hydraulic Performance of the Distribution Network

Hydraulic modeling using the Hazen-Williams equation was conducted for selected pipe segments
within the study area. The flow velocities in most of the modeled pipelines were found to be below 0.5
m/s, which is significantly lower than recommended levels for preventing sedimentation and microbial
growth. In dead-end areas and zones with flat slopes, velocities fell as low as 0.2 m/s, contributing to
prolonged water residence times exceeding 12 hours in several instances.

This prolonged stagnation was especially prevalent in older galvanized and asbestos cement pipes,
where the roughness coefficient (C) was between 100 and 120, indicating substantial internal
degradation. These hydraulic conditions—Ilow flow velocity combined with high roughness—were
found to exacerbate chlorine decay, increase the risk of biofilm detachment, and facilitate the intrusion
of contaminants during supply resumption.

4.2 Residual Chlorine Concentrations

Field-based chlorine testing revealed that 28% of the sampled household taps had residual chlorine
levels below the WHO-recommended minimum of 0.2 mg/L. The most affected areas were those at
the far ends of the distribution system and in elevated locations, where water stayed longer in the
pipelines due to supply zoning and limited pressure.

While centralized treatment facilities at AAWSA maintained adequate chlorine dosing at the source, the
absence of booster chlorination units in the distribution system led to significant chlorine decay before
water reached end users. Expert interviews confirmed that due to budget and logistic constraints,
chlorination is only conducted at centralized points, and no real-time monitoring is in place for residual
chlorine at the consumer end.

4.3 Pipe Age and Infrastructure Condition

Physical inspections and secondary data from AAWSA revealed that over 60% of pipelines in Wereda
04 and 05 were more than 30 years old. The predominant materials included galvanized iron, ductile
iron, and asbestos cement—many of which have outlived their design lifespan.

Field visits documented visible corrosion, leakage at joints, and valve malfunctions. Scaling and
sediment accumulation were observed in pipe cutouts during maintenance work. These conditions not
117



only contributed to service interruptions but also presented a consistent risk of contamination from
surrounding soil or wastewater infiltration during negative pressure episodes.

4.4 Community Perceptions and Coping Behavior

Household surveys revealed widespread dissatisfaction with the quality and reliability of piped water
services. Out of the 100 respondents, the majority—73%—rated the water quality as either "poor" or
"very poor". Specific complaints included:

» Discoloration after supply restoration (73%)
« Unpleasant odor in the water (58%)
O Frequent and unpredictable interruptions (65%)

Due to these concerns, 68% of households reported storing water in plastic or metallic containers for
daily use, often without cleaning them regularly. About 41% of respondents reported using alternative
water sources such as wells, private vendors, or bottled water, especially for drinking purposes. These
coping strategies, although practical, increase the risk of secondary contamination and add financial
burden to already vulnerable households.

4.5 Institutional and Operational Challenges

Key informant interviews with AAWSA engineers and staff highlighted a range of institutional
constraints that compound physical infrastructure challenges. These include:

O Delayed leak repairs due to insufficient workforce and funding

O Lack of updated pipeline maps and asset registries

+ No booster chlorination infrastructure, limiting disinfection efficacy across the system
+ Ineffective pressure monitoring tools, resulting in undetected low-pressure zones

Interviewees also noted that the existing infrastructure was not designed to handle current population
densities, and frequent pipe bursts and valve failures are commonplace, especially during peak demand
periods.

4.6 Summary of Findings

The evidence gathered from technical modeling, field inspection, and user surveys converge on the
conclusion that the water supply system in Lideta Subcity is significantly compromised by both
structural and operational deficiencies. The combined effects of IWS and aging infrastructure are as
follows:

»  They create hydraulic conditions conducive to microbial growth and chlorine decay.

+  They result in sensory-quality degradation (color, odor), affecting public confidence.

+ They encourage unsafe coping strategies, increasing exposure to contamination. 0O
They expose institutional gaps that hinder timely and effective response.
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These findings strongly support the hypothesis that infrastructure deterioration and intermittent
supply jointly undermine water quality and service equity in the study area.

5 Discussion

This section interprets the empirical results presented in Section 4 in light of broader urban water
management literature, infrastructure dynamics, and public health frameworks. The findings from
Lideta Subcity reflect a concerning intersection of intermittent water supply (IWS) and aging
infrastructure, both of which contribute significantly to the deterioration of water quality and the
erosion of public confidence in piped water systems.

5.1 Intermittent Water Supply as a Catalyst of Risk

The hydraulic modeling and field data clearly demonstrate that IWS is not just a matter of service
inconvenience but a systemic risk multiplier. Periodic service interruptions cause abrupt changes in
pipeline pressure, allowing for back-siphonage of contaminants, especially in areas with pre-existing
leaks or corroded joints. These findings are consistent with prior studies from similar contexts, where
pressure loss during supply gaps facilitated microbial contamination (Kumpel & Nelson, 2016;
Mclntyre et al., 2014).

In Lideta, the problem is exacerbated by unpredictable zoning schedules and limited household
capacity to anticipate or manage supply gaps, which forces residents to store water long-term in
unsanitary conditions. This behavioral adaptation, although rational, introduces secondary
contamination pathways through unclean containers and stagnant storage (Doria, 2010; Ercumen et
al., 2015). It also reinforces household reliance on alternative, unregulated sources, which may be
microbiologically unsafe.

5.2 Aging Infrastructure as a Structural Driver of Contamination

The condition of the distribution network is a critical determinant of water quality. In Lideta, most pipes
were found to be over three decades old, made of galvanized iron or asbestos cement—materials known
to corrode, flake, and harbor biofilms (Basha et al., 2021; LeChevallier et al., 1988). Hydraulic modeling
confirmed that pipe roughness, combined with low velocities, extended residence times, and minimal
slopes, significantly contributed to chlorine decay and bacterial regrowth within the system.

The direct physical inspection of the network further confirmed scaling, leaks, and sediment buildup,
all of which compromise both water delivery and quality. These aging pipelines were never designed
for the current population density or water demand, making them structurally and hydraulically
obsolete. Moreover, without a centralized pipeline condition inventory or maintenance strategy,
most repairs are reactive, initiated only after visible failure, rather than being part of a proactive asset
management system.
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5.3 User Perception, Behavior, and Feedback Loops

A key insight from the survey data is the disconnection between water safety perception and actual
water quality metrics. Even in zones where residual chlorine met WHO standards, residents still
expressed strong distrust in piped water due to its color, odor, and inconsistent availability. These
sensory and experiential indicators often carry more weight for users than technical test results (Doria,
2010). This mistrust drives coping behaviors—storing water, boiling it, or using bottled water—which,
while intended to reduce risk, often increase vulnerability due to poor hygiene and limited knowledge.

This creates a reinforcing cycle of vulnerability: intermittent supply and infrastructure failure lead to
degraded water quality — residents experience unpleasant water and lose trust — they store or switch
sources — risk of contamination rises — complaints decrease as trust erodes — system deterioration
continues unnoticed. Without feedback loops from the user community into the utility system, service
gaps go unaddressed, and behavioral adaptations further reduce system accountability.

5.4 Institutional and Operational Constraints

The interviews with AAWSA staff provided critical insight into systemic governance challenges that
undermine water quality control. A consistent theme was the absence of decentralized interventions—
such as booster chlorination, pressure monitoring, and routine flushing of lowvelocity zones. These
basic but essential practices are well-established in urban water quality management worldwide
(Howard & Bartram, 2003), yet are currently underutilized in Addis Ababa.

Furthermore, the utility’s capacity is constrained by budget shortages, staff limitations, and a lack of
integrated infrastructure databases. The water quality team and the maintenance team often work in
silos, reducing the efficiency of coordinated responses. This fragmentation of institutional responsibility
severely restricts the implementation of evidence-based risk mitigation strategies.

5.5 Relevance to Broader Urban Water Management

The case of Lideta Subcity is reflective of broader trends observed across many low- and middleincome
cities in Sub-Saharan Africa and South Asia, where infrastructure backlogs, urban sprawl, and
intermittent service converge to produce persistent quality failures (WHO/UNICEF, 2021). As such,
this study reinforces the critical importance of integrated approaches that combine hydraulic
diagnostics, community engagement, and infrastructure planning.

In this context, tools such as the Hazen-Williams equation prove highly valuable—not only for
estimating flow and residence time but for identifying priority zones for pipe replacement, looped
network design, and booster disinfection stations. However, these technical measures must be
coupled with policy reforms, community-level hygiene promotion, and enhanced institutional
coordination to achieve sustainable results.
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5.6 Summary of Implications

This study reveals that solving urban water quality challenges requires moving beyond centralized
treatment to address distribution-level risks, particularly in vulnerable subcity zones. Addressing IWS
and aging infrastructure is not simply a matter of engineering but a multidimensional challenge that
encompasses governance, user behavior, and systemic planning.

The findings clearly indicate that risk-informed water management, grounded in localized data, user
perception, and hydraulic evidence, can significantly improve both service outcomes and public health.
However, doing so requires sustained investment, cross-sectoral collaboration, and inclusive
governance frameworks.

6. Conclusion and Recommendations

This study explored the interlinked effects of intermittent water supply (IWS) and aging infrastructure
on urban water quality in Wereda 04 and 05 of Lideta Subcity, Addis Ababa. Using a mixed-methods
approach that combined hydraulic modeling, field inspections, household surveys, and expert
interviews, the research provided a multi-dimensional understanding of the technical, operational, and
behavioral drivers of water quality degradation. The evidence showed that deteriorated pipes—many
exceeding 30 years in service—are prone to corrosion, scaling, and leakage, while the frequent
interruptions in water supply intensify the risk of microbial intrusion and chlorine decay due to
stagnation and low flow velocities.

These physical conditions are compounded by user behaviors and perceptions. The study found that a
large proportion of residents are dissatisfied with the color, odor, and reliability of piped water, leading
them to adopt coping strategies such as long-term storage or sourcing water from informal vendors.
While intended to mitigate risk, these behaviors often introduce new contamination pathways,
particularly when containers are left uncovered or improperly cleaned. This cycle of service failure,
consumer distrust, and unsafe adaptation reflects a reinforcing loop in which both the technical and
social dimensions of the water system deteriorate simultaneously.

Institutionally, the Addis Ababa Water and Sewerage Authority (AAWSA) faces significant challenges
in addressing these issues. The absence of booster chlorination stations, limited flushing of stagnant
zones, poor pressure monitoring, and lack of an integrated pipeline condition database hinder the
utility’s ability to manage and mitigate risks proactively. Maintenance remains reactive rather than
preventive, and operational bottlenecks are worsened by fragmented communication between technical
units and insufficient community engagement.

To address these interconnected challenges, the study recommends a coordinated strategy focused on
infrastructure rehabilitation, operational improvements, and community-centered policy reform. Aging
galvanized iron and asbestos cement pipes should be replaced with modern materials such as PVC or
HDPE, with priority given to high-risk areas such as dead-ends and elevated neighborhoods. A
centralized digital asset management system should be established to track pipeline condition, repair
history, and service schedules. At the operational level, looped network designs should be introduced to
reduce stagnation, supported by routine flushing programs to remove accumulated sediments and
biofilms. Booster chlorination stations must be installed at strategic points to sustain residual
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disinfectant levels across the entire system, and real-time sensor-based monitoring of pressure and
chlorine should be deployed to detect and respond to service failures efficiently.

On the policy front, community education initiatives are essential to promote safe water storage and
hygiene practices. Transparent and predictable water rationing schedules can help residents prepare for
outages while minimizing risky coping strategies. Strengthened collaboration between AAWSA,
municipal authorities, and public health offices will be necessary to align infrastructure investments
with health protection goals. Additionally, creating neighborhood-level water quality monitoring
committees can facilitate timely reporting and feedback, helping to restore trust between the utility and
the public. Finally, integrating health surveillance into water management systems will improve the
detection and response to waterborne disease risks.

In conclusion, the findings from Lideta Subcity highlight the urgent need for a holistic and proactive
approach to urban water supply management—one that recognizes the interplay between infrastructure
condition, service continuity, user behavior, and institutional capacity. The solutions proposed are not
only technically feasible but also socially responsive, offering a practical pathway toward safe,
equitable, and resilient water service delivery in Addis Ababa and similarly challenged urban centers.
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