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Abstract

Sustainable Development Goal (SDG) 6 outlines the aim to ‘ensure access to water and sanitation for all’ by
2030. For Malawi, this will require significant investment and development to ensure that the 82% of the
population currently lacking safely managed drinking water, as well as the 54% currently lacking sanitation,
gain access to these necessities. However, the additional requirement of developing the necessary capacity to
meet the water and sanitation needs of a rapidly growing population makes meeting SDG6 a greater challenge.
Malawi has a current population of 21 million but is expected to undergo a five-fold population increase in this
century. A rapidly changing climate and subsequent increased frequency of extreme weather events make
managing future risks to meeting SDG6 ever more complicated.

Groundwater is a central facet of Malawi’s water security, providing over 80% of domestic water use as well as
meeting significant agricultural, and industrial water needs. However, despite the centrality of groundwater to
Malawi’s water resources, the largely unseen nature of groundwater means that little is known about Malawi’s
most used water source. Limited resources and monitoring networks have further hampered efforts to
monitor and manage groundwater resources.

To aid decision making in working towards achieving SDG6, this thesis applies data analysis and novel
modelling techniques to better understand the current status of Malawi’s water and sanitation as well as the
future threats to reaching SDG6. Firstly, the thesis explores challenges to water security, considering both
water quantity and quality to ensuring SDG6. Analysis of challenges to water quantity involves exploration of
the interface between groundwater and surface water in Malawi as well as the application and development of
a global hydrological model to represent a holistic view of water resources and provide the first system models
of groundwater in Malawi. In considering water quality the thesis focuses on groundwater contamination from
sanitation systems, identifying pit-latrines as the major source of high microbial and nutrient groundwater
contamination nationally. A novel model of pit-latrine usage is developed to model contamination risks from
pit-latrines under multiple scenarios of population growth and sanitation development. The ‘paradox of SDG6’
is considered whereby the reduction of open defecation, through the proliferation of pit-latrines, has the
potential to result in dramatic levels of groundwater contamination.

In recognition of the impact of sanitation systems on water quality, the thesis then considers progress in
sanitation and hygiene to SDG6. Trends in sanitation provision, and the implications for ensuring ‘sanitation
for all’ are explored under future scenarios of population change. The sustainability of progress to sanitation
provision is also explored, emphasising the need for not only sanitation provision but sustainable systems.
Menstrual hygiene management is also discussed to consider the express focus on meeting ‘the needs of
women and girls’ outlined within SDG6.

Finally, community-led solutions to the identified challenges of water security and sanitation provision in
meeting SDG6 are explored using the case studies of borehole-garden permaculture and pit-latrine emptying.
Not only do these provide examples of solutions integrating multiple challenges identified in both water
security and sanitation, investigation of local level solutions also directly addresses SDG6 which emphasises
the need to ‘support and strengthen the participation of local communities in improving water and sanitation
management’ (SDG6.B).

By investigating both challenges and solutions to water and sanitation on both a local and national scale in
Malawi, this thesis develops a holistic understanding of SDG6 in Malawi, emphasising the need to consider
multiple aspects and scales of SDG6 together. The pressing challenges of population growth and climate
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change on water security and sanitation provision are underscored, highlighting the need for consideration of
sustainably meeting future water and sanitation needs in decision-making. The methodologies and holistic
framework developed in this thesis provide tools to monitor, manage and predict barriers to SDG6 not only for
Malawi but also supporting progress to SDG6 on a global scale.
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Chapter 1: Introduction

1.1 Overview

In recognition of the central role of water and sanitation for environmental and public health,
Sustainable Development Goal 6 (SDG6) aims to ensure access to clean water and sanitation for
all by 2030. [t encompasses targets related to safe drinking water access, adequate sanitation,
water quality improvement, water scarcity mitigation, cooperation in water governance,
ecosystem protection, and community participation. Due to of the interconnectivity of water
security, environmental sustainability, public health, and socio-economic development within
SDG6, this thesis proffers a holistic approach to SDG6. The thesis is specifically focused on
applying a holistic perspective and innovative methodology to inform water and sanitation

management in Malawi.

Malawi faces significant challenges in meeting SDG6 targets with rapid population growth,
infrastructure failure, and climate change impacts being just some of the challenges in achieving
this goal. Despite efforts to improve access to sanitation and water, a considerable portion of the
population still lacks adequate facilities, leading to issues such as open defecation and
waterborne diseases. Climate-related events exacerbate these challenges, with flooding and in
particular posing significant risks to public health and infrastructure. Addressing these issues,
both now and for the future, requires informed policy and investment in water resource

management and sanitation infrastructure, coupled with community engagement.

This thesis sits within a wealth of research and engagement between researchers and policy
makers within Malawi and Scotland. Specifically, this research comes under a Scottish
Government funded programme: the ‘Climate Justice Fund: Water Futures Programme’ granted
to the University of Strathclyde in 2011. A central part of this programme was the
implementation of two nationwide surveys of sanitation and water infrastructure, providing

the most detailed water and sanitation specific infrastructure information for Malawi. The



surveys, conducted from 2012-2020, involved hundreds of Government of Malawi trained
enumerators and thousands of surveys conducted at the community and household level. A lack
of understanding of some of the challenges facing this infrastructure, and consequently Malawi’s
progress of SDG6, was identified as a key area of focus by stakeholders within the Government
of Malawi and forms the foundation for this research. Investigation of some of these challenges
highlighted the importance of ensuring a holistic outlook to multiple areas of SDG6 and inspired
the aim of developing a holistic perspective presented within this thesis, enabling identification

of both conflicts and synergies to SDG6.

1.2 Research Aim and Objectives

1.2.1 Research Aim

The aim of this thesis was to
contribute to the holistic
understanding of the
challenges and solutions
involved in achieving
Sustainable Development
Goal 6 (SDG6), with a focus

on the context of Malawi.

The thesis will ensure a

holistic focus by looking at

multiple levels of scale, focus,

Figure 1.1: The multiple areas explored within this thesis to
develop a holistic perspective of sanitation and water in Malawi

and subjects, Figure 1.1.

The motivation for this aim stems from the fragmented nature of water and sanitation policies
despite their inherent interconnectivity. The thesis is presented to inform policy maker and

donor decisions in Malawi’s water and sanitation initiatives, maintaining stakeholder interests



at the centre. Stakeholder concerns regarding various aspects of water management, sanitation,
and hygiene in meeting SDG6 were used to develop specific areas of focus and underscore the

importance of this research.

To achieve this aim, the thesis formulates 4 research questions, each accompanied by specific

objectives, discussed below.

1.2.2 Research questions and objectives

The research questions address both challenges and solutions to SDG6. Research questions
(RQs) 1,2 and 3 focus on challenges within the areas of water quantity, water quality, and
sanitation whilst RQ4 explores solutions within water security and sanitation. Each RQ is

composed of several Specific Objectives (SOs).

Figure 1.2 shows the structure of the research questions and specific objectives within this

thesis and how they connect to specific publications.

1.2.3 Challenges to SDG6

1.2.3.1 Challenges to water security in Malawi

RQ 1: What are challenges to water scarcity in Malawi?

SO1: Explore the influence of groundwater on surface water security by evaluating the

interaction of groundwater to Lake Malawi water storage.

S02: Develop a model of groundwater storage in the transboundary Lake Malawi Shire

River Basin.

S03: Explore changes in groundwater storage within the Lake Malawi Shire River Basin.

RQ 2: What are challenges to water quality in Malawi?

S04: Evaluate current pit-latrine groundwater contamination risks from pit-latrine

proximity using sanitation and water infrastructure data.



1.2.3.2

1.2.4

1.2.4.1

SO5: Develop a model to predict future groundwater contamination risk from pit-

latrines under multiple scenarios of population growth and sanitation development.

S06: Use water quality data to explore drivers of contamination of groundwater

drinking water supplies.

Challenges to sanitation and hygiene provision in Malawi?

RQ3: What are challenges to sanitation and hygiene provision in Malawi?

SO7: Evaluate current provision of sanitation in Malawi, specifically addressing

significant variation in estimates of improved sanitation access.

S08: Predict future progress of sanitation provision and ending open defecation under

multiple population growth scenarios.

S09: Explore sanitation within communities declared open defecation free to investigate

the sustainability of open defecation elimination.

S010: Evaluate current hygiene provision exploring access to handwashing as well as

menstrual hygiene management. Identify barriers to hygiene provision.

Solutions for SDG6

Local solutions to challenges to meeting SDG6

RQ4: What are local solutions to Malawi’s water and sanitation challenges?

S011: Explore the example of borehole-garden permaculture as a local-level sustainable

water use practice. Specifically, evaluate what influences both awareness of adoptions?

S012: Explore the example of pit-latrine emptying as a local example of sanitation
management. Investigate whether pit-latrine emptying be used to improve pit-latrine

construction quality?
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1.3 Thesis structure

This thesis is composed of 9 chapters and an appendix. The chapters are an introduction,
background, methodology, 4 research chapters, a discussion, and conclusions and
recommendations. The 4 research chapters each contain peer review papers (published,
submitted or in draft). As individual publications, references for each publication are provided

at the end of each paper in the style appropriate to the journal.

Chapter 1 (introduction) provides an overview of the research topic and aim of the thesis. The
chapter details how the 4 research questions identified will be addressed through 12 specific

objectives and outlines the structure of the thesis.

Chapter 2 (background) provides the context of the thesis, giving insight into sustainable
development goal 6 (in the context of the previous millennium development goals and within
the setting of the sustainable development goals). The chapter then provides background to the
study context of Malawi, specifically focusing on water and sanitation challenges in Malawi.
Finally, the chapter outlines some of the ways mathematical modelling has been used to develop

understanding of challenges in water, sanitation, and hygiene.

Chapter 3 (methodology) provides an overview of some of the commonly used methods within
this thesis, giving context to their use. It should be noted that the papers which make up each
individual research chapters (4-7) include their own methods sections, explaining the specific

methods used in each case, chapter 3, therefore, provides a broad overview.

Chapter 4 is the first research chapter and focuses on challenges to water quantity within
Malawi, answering RQ1 through SO1, SO2, and SO3. The chapter considers water scarcity with a
focus on groundwater. The connection between surface water and groundwater is evaluated
using the case of Lake Malawi’s water storage. The chapter then addresses the challenge of
limited data surrounding Malawi’s groundwater supplies through the development of a

hydrological model of the Lake Malawi Shire River Basin, which is used to evaluate the status of,



and change in, Malawi’s groundwater storage. The chapter emphasises that growing insecurity
in Malawi’s groundwater threatens Malawi’s water resources, both groundwater and surface

water.

Chapter 5 addresses the challenge to water quality within Malawi, answering RQ2 through S04,
SO5, and SO6. The chapter focuses on faecal water contamination due to the significant burden
of waterborne disease in Malawi. The risk of faecal water contamination from pit-latrine
infrastructure is highlighted as a particular area of focus, developing a novel method to evaluate
the risk of contamination to water-points from pit-latrines. This is used to explore future
projections of risk to water-points from pit-latrines under multiple scenarios of population
growth and sanitation policies. Water quality data is evaluated to identify the major drivers of
contamination (both microbial and nutrient) in Malawi, identifying sanitation related

infrastructure as significant causes of contamination.

Chapter 6 leads on from the identification of sanitation infrastructure as a major consideration
in water quality to explore Malawi’s sanitation provision. Specifically, this chapter evaluates
challenges in sanitation and hygiene provision, answering RQ3 through addressing SO7, SO8,
S09, and S010. The chapter identifies multiple challenges in both current and future sanitation
and hygiene provision finding major challenges in current sanitation infrastructure as well as
revealing the current rate of sanitation provision to be inadequate to meet the needs of a
growing population. In addition, the sustainability of steps to eradicate open defecation is
evaluated revealing a reversal of progress and suggesting that a short-term focus in eradicating
open defecation may limit long-term sanitary provision. Recognising the importance of
improvement to sanitation in tandem with hygiene provision, the extent of hygiene provision is

explored considering challenges to both handwashing and menstrual hygiene management.

Chapter 7 focuses on solutions to some of the challenges identified in this thesis, answering RQ4
through achieving SO11 and SO12. The chapter draws on two examples of local level solutions,

evaluating the case of borehole-garden permaculture as a solution to challenges of water



quantity identified in chapter 4. Pit-latrine emptying is also investigated as a solution to
challenges of water quality and sanitation provision highlighted in chapters 5 and 6

respectively. Barriers to the adoption of both local-level solutions are identified.

Chapter 8 discusses multiple aspects of the research presented in chapters 4-7. The chapter
addresses why a holistic view of SDG6 is needed to address multiple barriers, identify inter and

intra-goal conflicts and synergies within achieving SDG6 and sustainable development.

Chapter 9 concludes the thesis, providing an overview of the key findings and contributions of
the thesis. The chapter provides specific policy recommendations from the paper, meeting the
goal of informing policy maker and donor decisions. The chapter concludes with a discussion of

future research recommendations.

The Appendix provides an overview of some of the ways in which the findings of this thesis have
been communicated. Firstly, an overview is given of the boardgame ‘WellPlaced’ which has been
developed to explore some of the challenges in reaching SDG6 discussed within this thesis.
Secondly, an article, considering some of the challenges in water and sanitation in Malawi
written for ‘Appropriate Technology’ is provided which focuses on communicating some of the
challenges and solutions explored in the thesis in a format that is widely accessed by

stakeholders.



Chapter 2: Background

“The beginning of knowledge is the discovery of something we do not
understand’”.

Frank Herbert, 1981
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Chapter 2: Background

2.1 Introduction

Access to clean water and sanitation are fundamental human rights. However, ensuring
progress in supplying clean water and sanitation is a challenge, particularly in regions facing
rapid population growth and environmental change. This thesis delves into the challenges and
solutions for reaching Sustainable Development Goal 6 (SDG6), clean water and sanitation for
all, in Malawi. The thesis applies mathematical modelling to explore the current situation,
investigate trends, and suggest the future of challenges and solutions within SDG6. The work

touches on all aspects of SDG6, exploring dynaMICS in water, sanitation, and hygiene.

This chapter provides background to the area of focus and the methods used in this thesis. An
overview of SDG6 and where it fits within the wider context of the sustainable development
goals is given. The specific nature of water and sanitation management in Malawi is then
explored, considering some of the challenges for Malawi’s path to SDG6. The chapter then
provides an overview of mathematical modelling, giving insight into its purpose and how it can
be used to develop understanding of SDG6. Finally, reflecting on all these areas, the chapter

identifies specific knowledge gaps of the challenges and solutions in reaching SDG6 in Malawi.
2.2 Sustainable Development Goal 6

Following on from the Millennial Development Goals (MDGs), established in 2000 (to be met in
2015) (United Nations, 2015), the Sustainable Development Goals (SDGs) set out global aims to
be reached over the subsequent 15-year period to 2030 (UN General Assembly, 2015). As with
the MDGs, the SDGs worked to outline a global development agenda, guiding collaborative
efforts to pave the path for a more equitable and sustainable future with a focus on ‘leaving no
one behind’. Whilst the MDGs outlined 8 goals for global efforts, the SDGs extended these to 17

goals, placing a particular emphasis on environmental sustainability in all aspects of
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socioeconomic development (United Nations, 2015). The 8 MDGs and 17 SDGs are summarised

in Figure 2.1.

MILLENIUM DEVELOPMENT GOALS

1
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o K
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EQUALITY AND REDUCE CHILD
EMPOWER WOMEN MORTALITY

ERADICATE EXTREME ACHIEVE UNIVERSAL
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6

X%

COMBAT HIV/AIDS, ENSURE
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Figure 2.1: The 8 Millenium development goals (MDGs) and subsequent 17 sustainable development goals

(SDG6s). Image for the SDGs from United Nations SDGs online (United Nations, 2024).

The MDGs recognised the importance of sanitation and water, specifically outlining the goal to
“halve the proportion of people without sustainable access to safe drinking water and basic
sanitation by 2015”, within MDG 7C (United Nations, 2015). By 2012, the component of this goal
relating to safe drinking water had been met, with 34% of the global population reported to use
an unimproved water source in 1990, falling to under 10% by 2015 (United Nations, 2015).
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However, progress on sanitation access lagged, failing to halve the number of people practising

open defecation from 1990-2015 (United Nations, 2015).

It was only within the SDGs that improvement to water and sanitation were laid out as a specific
area of focus within their own goal; SDG6 ‘clean water and sanitation for all’. SDG 6 reflects a
broader and more ambitious commitment to ensuring universal access to safe and affordable
drinking water, adequate sanitation, and proper hygiene practices by 2030 (UN General
Assembly, 2015). It builds upon the progress made under the MDGs while incorporating a more
holistic approach that emphasizes sustainability, integrated water resource management, and
the protection of water-related ecosystems. SDG6 is broken into 8 targets each with specific

indicators to monitor progress (WHO & UNICEF, 2023), Figure 2.2.

SDG6 targets

4)

WATER SCARCITY AND
WATER -USE EFFICIENCY

SANITATION AND
HYGIENE AND END
OPEN DEFECATION

SAFE DRINKING WATER
FOR ALL

WATER QUALITY AND
WASTEWATER

INTEGRATED WATER

MANAGEMENT AND PROTECT AND

TRANSBOUNDARY RESTORE WATER
COOPERATION RELATED ECO -SYSTEMS

EXPAND WATER AND
SANITATION SUPPORT
TO DEVELOPING
COUNTRIES

COMMUNITY
PARTICIPATION

Figure 2.2: The 8 targets within SDG6. Each target has specific indicators intented to assist in monitoring

of progress.

The 8 goals within SDG6, and the connections between, them are summarised in Figure 2.3. The
first target (6.1) specifies the goal to achieve universal and equitable access to safe and
affordable drinking water for all by 2030; SDG6.1 recognises the multiple challenges of water

security provision at the intersectionality of water quantity quality and access notably
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recognising the challenge of economic water insecurity (Seckler and International Water
Management Institute, 1998). Target 6.2 relates to sanitation provision specifying the goal to
achieve adequate and equitable sanitation and hygiene for all and to end open defecation. The
target places particular focus on the needs of women and girls and those in vulnerable
situations emphasising current gender inequality in sanitation insecurity (Grant et al., 2017).
Target 6.3 focuses on water quality, recognising the significance of preventing contamination
for both drinking water provision and ecological protection. The target focuses on reduction of
pollution including from hazardous chemicals, notably from industrial sources as well as
wastewater. Target 6.4 emphasises the challenge of water scarcity and the need for an increase
in water use efficiency, specifying the goal to increase water use efficiency across all sectors and
ensure sustainable withdrawals. The target responds to the large number of people suffering
from water scarcity globally; it is estimated that over 4 billion people experience severe water
scarcity for at least one month of the year (Mekonnen and Hoekstra, 2016). Targets 6.5 and 6.a
focus on water cooperation; 6.5 focuses on implementing integrated water management and
focuses on transboundary cooperation whilst 6.a focuses on supporting developing countries in
water related activities and programmes. Target 6.6 places a heavy emphasis on the ecological
component of water security and water management decisions in both protecting and restoring
water related ecosystems. Finally, target 6.b focuses on the significance of local communities in
progress to SDG6 specifying the goal to support and strengthen participation from local
communities in improving water and sanitation management. Within these 8 goals SDG 6
addresses multiple challenges in water security and sanitation provision. Whilst the targets
within SDG6 are considered as individual goals with specific indicators to enable progress to be

measured, it should be emphasised that, as with the case of all the sustainable development
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goals, the specific goals within SDG6 are highly inter interconnected, with potential for both

synergy and conflict, as summarised in Figure 2.3.

SDG6.6.1

Change in extent of
water-related eco-
systems over time

SDG6.5.1
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Participation of local
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sanitation
management

Level of water stress

=
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Clean water and
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SDG6.4.1

Change in water-use
efficiency over time

SDG6.11
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managed drinking
water services
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treated
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g

74 SDGE.a
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population using safely population usinga
managed sanitation handwashing facility
services with soap and water

Figure 2.3: The highly interconnected nature of SDG6. The targets within SDG6 are represented by coloured
boxes, relating to figure 2.2, and connected to the central SDG6 goal by blue arrows. Indicators within
SDG6 targets are shown in lilac with grey solid arrows. Areas of focus (but not targets) are in grey. Grey

dashed arrows represent connections between SDG6 targets.
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2.3 Progress and challenges in SDG6 in Malawi

This thesis focuses on Malawi, a country situated in South-Eastern Africa, Figure 2.4. Malawi
currently has a population of 21 million, however, this is rapidly growing, with an annual
growth rate of 2.6% (NPC, 2020), it is anticipated that Malawi’s population will increase five-
fold this century (United Nations, 2020). Urbanisation is also presenting another radical
demographic change; the percentage of the population living in urban areas is anticipated to
undergo a four-fold increase over the next 40 years, with the proportion of the population living
in rural areas anticipated to drop from 84% currently to 40% by 2060 (NPC, 2020). Providing
appropriate housing, sanitation and water provision for a growing and urbanising population
will be a challenge; inadequate housing provision can already be seen in that 60% of the current
urban population currently reside in slum areas often with inadequate living conditions (NPC,

2020).
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Figure2.4: This thesis focuses on Malawi, (shown in orange within Africa). The major
cities are shown here.

2.3.1 Water resources

The economic landscape of Malawi plays a pivotal role in assessing its water and sanitation

resources. The nation is predominantly agrarian, with over 80% of its population engaged in
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smallholder agriculture (NPC, 2020). Agriculture, largely as cropland (Li et al., 2021), occupies
64.2% of Malawi’s land area (as of 2021) (World Bank, 2024). Although smallholder farmers
primarily rely on rainfed agriculture, there has been a significant upsurge in smallholder
irrigation, with an estimated 59,655 hectares of land under irrigation in 2019, up from 41,053
hectares in 2016 (Chafuwa, 2017; Government of Malawi, 2019). The Government of Malawi has
specified an aim to increase smallholder irrigation at a 2% annual rate although actual growth
has only been at a 1% rate since 2004 (Wiyo and Mtethiwa, 2018). Such expansion of
smallholder irrigation will place an increasing demand on Malawi’s water resources. Alongside
intensification of small holder agriculture, planned commercial agricultural intensification
projects (ERM, 2013; SAGCOT, 2024) are poised to exacerbate water resource pressure.
Malawi's heavy reliance on agriculture renders its economy and populace particularly
susceptible to climatic disturbances. Moreover, as one of the world's poorest countries, with
over 70% of its population living below the international poverty line of $2.15 per day
(Worldbank, 2024), economic constraints limit Malawi's ability to invest in climate-resilient

infrastructure.

In addition to the implications of climate change on agriculture and economic development,
extreme weather events have significant consequences for clean drinking water access in
achieving SDG6.1. Currently, 82% of the population lack access to safely managed drinking
water (UN, 2023) placing Malawi below the Sub-Saharan African average of 31% of the
population having safely managed drinking water access (UN, 2023). Groundwater is a central
component of Malawi’s drinking water supplies, used as the main source of drinking water by
over 80% of the population (Graham & Polizzotto, 2013); boreholes and tube wells comprise
64% of the improved sources of drinking water in the country (NSO, 2021). Contamination is a
major issue for the provision of clean drinking water; 60% of the population relies on drinking
water sources containing measurable E. colj, failing to meet WHO guidelines for safe drinking
water (NSO, 2021). Increases in E.coli contamination of boreholes have been reported following

extreme weather events, notably flooding in the aftermath of cyclone Idai (Rivett et al., 2019),
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posing a concern for future water quality under an increased frequency and intensity of extreme
weather (Zeufack et al., 2021). Malawi has already witnessed an increased frequency of extreme
weather events, notably flooding, a story echoed across much of Sub-Saharan Africa where
there has been a 10-fold increase in the number of floods relative to 1970-1979 (Zeufack et al.,
2021). Understanding the risks of faecal water contamination will be a central component on

building climate resilience and ensuring progress to SGD6.

Malawi’s capacity to meet domestic water resource requirements are also threatened by water
scarcity in which the amount of fresh water available cannot meet water demand. This is
commonly seen in the case of seasonal water scarcity where water is inaccessible at given
points of the year. Within Malawi, approximately 10% of boreholes experience dry season water
shortages (Kalin et al., 2019). A high prevalence of borehole non-functionality further hampers
domestic water security, threatening progress to SDG6; 40% of boreholes are partially or
completely non-functional, this represents a significant concern to water availability (Kalin et

al, 2019).

Groundwater is not only a vital resource for Malawi’s domestic water needs, it is also used
widely in agriculture and industry. In rural areas, groundwater accounts for 82% of domestic,
agricultural, and industrial water use (Chavula, 2012, as cited in Fraser et al., 2020). Moreover,
even in contexts where surface water is utilised, surface water resources are dependent on
groundwater with the majority of river flow coming from groundwater, particularly in the dry

season where baseflow accounts for 97% of river flow (Kelly et al., 2019).

2.3.2 Sanitation and hygiene

Sanitation and hygiene are central components of SDG6, outlined specifically within SDG6.2.
They are critical for ensuring environmental and public health and are integral for economic
growth and development. In 2012 it was estimated that Malawi loses an average of $57 million
per year from inadequate sanitation and hygiene, representing over 1% of national GDP

(UNICEF Malawi, 2024).
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Estimates regarding access to sanitation in Malawi vary widely. Malawi witnessed a significant
decline from 27.7% of the population practicing open defecation in 1992 to current estimates of
6.7% (Government of Malawi, 2021; NSO and Macro International, 1994). Currently, 21% of the
population are estimated to have access to safely managed sanitation, just below the sub-
Saharan Africa regional estimate of 24% (UN, 2023). However, there are great variation of
estimates of access to sanitation; the 2015/16 DHS and the 2018 Census reported that 55.1%
and 63.8% of the population used improved sanitary facilities, respectively (NSO, 2018),
contrasting Government of Malawi and UNICEF estimates of 35.2% (NPC, 2020) and 24.2%
(UNICEF 2020) respectively in 2020. Variation in estimates of sanitation access, often resulting
from changes in definition or monitoring metrics, hamper efforts to evaluate trends and

progress.

As in the case of water resources, Malawi’s progress to securing sanitation provision is
hampered by the demands of a rapidly growing population (Hinton et al., 2023) alongside
challenges of climatic events, notably flooding (Rivett et al., 2022). The rapidly growing
population may limit Malawi’s capacity to keep up with sanitation requirements, potentially
resulting in an increase in the percentage of the population without access to sanitation even if
there is an increase in the absolute number of people with access to basic sanitation. An
increase in the open defecation, has already been observed with open defecation risisng from
6.2% in 2017 to 6.7% in 2022 despite ongoing investment into expanding sanitation
infrastructure (Government of Malawi, 2021). Increases in the number of people without access
to sanitation and slippage in progress to SDG6 not only come from the challenges of meeting
population requirements but are also exacerbated by climatic events. Pit-latrine collapse, often
due to extreme rainfall, poses a major challenge to long-term sanitation provision, potentially
resulting in people returning to open defecation and reversal of progress to SDG6 (Cavill et al,,
2015; Kouassi et al,, 2023; Mosler et al., 2018). Ensuring progress to SDG6.2 requires

consideration of these dual challenges.
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Hygiene is another critical component of achieving SDG6.2. Hygiene encompasses a range of
behaviours including handwashing, bathing, and menstrual hygiene (WHO and UNICEF, 2022).
Water, sanitation, and hygiene are intrinsically connected, challenges arising in the provision of
any of these areas threaten to undermine the others. Handwashing and menstrual hygiene
management (MHM) are two central hygiene practices and areas of focus for achieving access to
adequate hygiene within Malawi. Yet despite its centrality within public health and achieving
SDG6, hygiene access is particularly low in Malawi with only 10% of households having access
to basic hygiene (this is notably lower than the 67% of households with access to basic drinking
water and 42% of households with basic sanitation) (UNICEF Malawi, 2018). Lack of hygiene is
notably higher in rural settings with less than half as many households having basic hygiene
access within rural settings than urban settings (8% and 18% access respectively) (UNICEF
Malawi, 2018). Handwashing a is particular consideration in hygiene provision, the 2019-2020
National UNICEF MICS survey assessed handwashing access, finding that 25% of households
had no handwashing facility and of those households with handwashing facilities, only 28% had
facilities with soap and water (NSO, 2021). MHM is another critical hygiene consideration and
one that is poorly understood within Malawi. Whilst it is estimated that 97.3% of women use
appropriate menstrual absorbents (NSO, 2021), challenges still exist in MHM including
stigmitisation (Vaughn et al., 2013; Kambala et al., 2020). Understanding barriers to hygiene
(including handwashing and MHM) necessitates consideration not only of access to hygiene

resources but also practice, considering culture and context.
2.4 Modelling SDG6

This thesis adopts a range of mathematical techniques to inform understanding of Malawi’s
current and future progress to SDG6. In this section, an overview of what mathematical
modelling is and how it is used is provided alongside how mathematical modelling can be

specifically applied to developing understanding of challenges and solutions in SDG6.
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2.4.1 Mathematical modelling and its purpose

One of the most valuable attributes of mathematical modelling is its capacity to conceptualise
complex scenarios and problems. These are often applied to the context of ‘real-world’
scenarios, providing simplified or abstracted summarises of the world around us; as described
by Haines and Crouch, 2007, ‘A mathematical model is a cyclical process in which real-life
problems are abstracted, mathematised, solved and evaluated’ (Haines and Crouch, 2007).
Similarly, Verschaffel et al., define a mathematical model as ‘the application of mathematics to
solve problem situations in the real world’ (Verschaffel et al., 2002). From a data science
perspective, the ‘real-world’ is considered more as a dataset to be analysed or conceptualised,
‘the goal of a model is to provide a simple low-dimensional summary of a dataset’ (Wickham

and Grolemund, 2017).

However, mathematical models can go beyond only representing the ‘real world’, they can also
provide insight into conceptual systems or ways of thinking. Lesh & Doerr stress this distinction,
noting that ‘A model consists of both conceptual systems in learner’s minds and the external
notation systems of these systems’(Lesh & Doerr, 2003 as cited in Erbas et al.,, 2014). This
emphasises the capacity of models not only to represent ‘real world’ situations but
conceptualisations and perceptions. In both cases, the mathematical model is taking a complex

set of information and providing a framework to represent the reference system.

Others emphasise the role of the modelling process itself over the model produced. Lesh and
Doerr highlight the value of the process of modelling as a vital knowledge step in understanding
real world systems ‘descriptions, explanations and constructions are not simply processes used
on the way to produce “the answer”’(Lesh and Doerr, 2003). As such, they coin the term ‘model
eliciting’ processes, emphasising how both the modelling process and model itself should be
considered as the goal (Lesh and Doerr, 2003). Sriraman echoes the call for recognising the
value of both the model and modelling process, although still retains that these should be seen

as distinct values, suggesting that ‘modelling is used to refer to the processes employed to model
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a problematic situation. Model refers to the product, typically a physical symbolic or abstract
representation’ (Bharath Sriraman, 2006). This highlights the value that can be found in both
the model created and the modelling process itself. This necessitates a continuous feedback

process and cyclical process, as shown in Figure 2.5 (Haines et al., 2000).

Real world . .
Formulating Solving
problem .
model mathematics
statement
- Evaluatin Interpretin
Refining model va .l € preting
solution outcomes
Reporting

Figure 2.5: Cyclical model structure of mathematical modelling proposed by Haines et al,, (2000).

Whether focusing on the value of the mathematical models itself or the modelling process,
mathematical models are simplified representations of complex systems or datasets. As
simplified representations, their worth perhaps lies most in how they are used, recognising their
shortcomings, and taking value from both the modelling process, as well as the model itself. The
value of mathematical modelling perhaps is best encapsulated George Box’s much quoted
epigram ‘All models are wrong, but some are useful’ (Box, 1979). The art of modelling may

therefore be in separating out the ‘wrong’ and the ‘useful’.

2.4.2 Modelling progress towards SDG6

Recognising their value in explaining real world phenomena, finding solutions, and predicting

future scenarios it is perhaps unsurprising that mathematical modelling has been widely
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applied to inform progress towards sustainable development (Singh, 2014). This thesis focuses
specifically on the application of mathematical modelling to study aspects of SDG6. Modelling
has been used previously to explore aspects of SDG6, water and sanitation, in numerous
contexts around the world (Germann et al., 2023; Miao et al., 2023; Roy and Pramanick, 2019).
Here, a distinction is drawn between models used to develop current understanding and those

which aid in predicting the future of progress towards SDG6.

2.4.2.1 Modelling current understanding

Progress to SDG6 is regularly monitored to inform understanding of progress. The UNICEF and
WHO Joint Monitoring Programme (JMP) are responsible for global monitoring efforts of targets
relating to water, sanitation, and hygiene; the organisations together act as custodian agents for
SDG6.1, and SDG6.2 (JMP, 2024). Data analysis and visualisation techniques are often applied to
data collected in monitoring progress to SDG6, helping to reveal and patterns track change. The
use of mathematical modelling can help to overcome limitations in the scope and explanatory
power of monitoring data, these are further explored here with specific examples of their

applications to aspects of SDG6.

2.4.2.1.1 Mathematical modelling to fill data gaps

Monitoring progress towards SDG6 can be costly, time consuming, and challenging, particularly
in locations with limited infrastructure (Barzegar et al., 2023). Modelling approaches can be
used to enhance monitoring, providing inference tools to predict patterns in SDG6 targets by
measuring and monitoring alternative metrics or to predict indicators in locations where

measurements cannot be made.

Example: water quality inference through artificial learning approaches

Water quality monitoring is an example of one area where mathematical modelling and
inference tools have been used to enhance understanding of the current progress towards
SDG6. Models based on machine learning and artificial intelligence processes have value in this

field to predict overall water quality from water quality indicators (Barzegar et al., 2023; Jena et
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al,, 2023; Mei et al., 2022). This is particularly beneficial in predicting indicators that are costly
to measure in-situ, such as E.coli level. Measuring E.coli levels is time-consuming and often
involves impractical field data collection processes (Mei et al.,, 2022). Where limited data is
available, indicators which relate to socioeconomic variables can be used to suggest locations
likely to have poor drinking water quality. This has been seen in the application of nighttime
lights (Mukherjee et al., 2019) and other development variables (Bruederle and Hodler, 2018)
to aid in the identification of areas which are likely to have poor water quality. Areas identified
can then be used to guide field data water quality surveying efforts where limited resources are

available to conduct such assessments.

2.4.2.1.2 Mathematical modelling to explain data
Another limitation of monitoring SDG6 progress, is understanding barriers to progress and
developments of appropriate water and sanitation infrastructure. Mathematical modelling

techniques can aid interpretation of the barriers reaching SDG6.

Example: sanitation access and socioeconomic drivers

Celeste et al, 2023 applied mathematical modelling to understand the socioeconomic drivers of
access to sanitation in the Philippines. Application of a classification and regression tree was
used to investigate the relationships between sanitation access, water sources and wealth,
identifying poverty levels as a major driver of poor sanitation (Celeste et al., 2023). Whilst this
may not be a surprising connection, combining quantitative inference with qualitative data
surrounding poverty and sanitation can enhance understanding of the underlying factors

influencing progress to SDG6.

2.4.2.2 Modelling future predictions

Arguably, one the most valuable applications of mathematical modelling SDG6 is the use of
mathematical models to predict future trends and scenarios. Understanding of the potential of

mathematical models to serve such a purpose was perhaps best characterised through the
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COVID 19 pandemic in which mathematical modelling of infectious disease epidemiology was

used to inform policy making (Khoshnaw et al., 2020).

Example: Population growth to understand water and sanitation demand

Modelling has been used to explore future scenarios of population growth, providing a
conceptual framework for multiple scenarios of population growth and change that is central to
understanding progress to all SDGs. One example of this is the case of the Shared Socioeconomic
Pathways (SSPs), these provide possible trajectories of population change and socioeconomic
development, Figures 2.6 and 2.7 (Riahi et al,, 2017; LC and Lutz, 2017). The pathways outline 5

possible scenarios of

A
population change. The
= X SSP5: K SSP 3:
pathways are typically coupled = (Mit. Challenges Dominate) (High Challenges)
[ g Fossil-fueled Regional Rivalry
with associated scenarios of g = T%?ViLOPHmﬁnt AReckyRoad
aking the Highway
c E % SSP 2:
land use and greenhouse gas 8 o) (Intermediate Challenges)
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emissions to paint a holistic Qo
0D
o < * SSP1: % sSSP 4:
picture Of societa] 2] g (Low Challenges) (Adapt. Challenges Dominate)
© Sustainability Inequality
development (Kebede etal 'S Taking the Green Road A Road Divided
>
2018; Riahi etal, 2017.). Socio-economic challenges

for adaptation
Applying such a scenario-

Figure 2.6: The narratives of the 5 SSPs, source O’Neill et al.,
based format not only provides insight into

2017.
possible future patterns of development,

predicting population, education and economic development, Figure 2.7 but also provides a

system to handle the significant uncertainty surrounding population and social change.

This is invaluable in the understanding of future water and sanitation demand which is needed
to ensure consistent progress to SDG6. Forecasts of future demand are important in developing
sanitation and water infrastructure as such projects may take years to develop, reliable

predictions of future demand are therefore required to ensure that appropriate infrastructure

25



can be developed in advance. For example, evaluating multiple SSP-RCP scenarios to consider
multiple scenarios of population change and economic development in Pakistan's Rechna Doab
region, Alizadeh et al., 2022 predicted an average growth in groundwater demand of 29.06% by
2030, compared to 2022 (Alizadeh et al., 2022). By evaluating multiple scenarios, uncertainty in
population change and economic development was accounted for, highlighting a growing
challenge of groundwater depletion in all cases, and evidencing the need for policy directly

addressing this concern (Alizadeh et al.,, 2022).

Another example of how population growth projections are critical to developing understanding
and solutions within WaSH is the development of appropriate sewerage systems. Oberg et al,,
2020 identified that, of the 60 fastest-growing cities in the world, most would need to construct
sewer systems at a rate thatis 10 -50 times higher than the highest rate of any sewage
construction currently being undertaken (Oberg et al., 2020). This raises critical awareness of
the need to reconsider a growing sanitation crisis and emphasises the requirement for long-

term investment into sanitation development.
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Figure 2.7: How the 5 SSP pathways intersect with different socioeconomic parameters of

population, education, urbanisation, and GDP. Source Riahi et al., 2017.
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2.4.3 Hydrological modelling

Within the sphere of water resource management, hydrological models are widely used to
develop both current and future understanding (Chen et al., 2021). Hydrological models can
commonly be considered in 4 classes: Metric models, Conceptual models, Physics-based models,
and Hybrid models. Metric models are the simplest form of model, they are based on statistical
relationships such as regression models and time series models. These do not explain physical
processes but can use statistical analysis to predict future trends. Conceptual models use
representations of storage of water within aspects of the water cycle (e.g. groundwater, surface
water, and soil moisture), and simulate how water moves between these aspects. Movement
between classes is represented by mathematical equations. Examples include the Soil and Water
Assessment Tool (SWAT) (Akoko et al,, 2021). Physics-Based models represent hydrological
processes based on physical processes and laws, an example is the HydroGeoSphere model.
Finally, hybrid models combine multiple elements of the above models. (Nesru, 2023;
Yoosefdoost et al., 2022). Different hydrological models may use varying techniques to capture
an aspect of the water cycle (for example focusing on groundwater or surface water models) to
paint a holistic picture of the water cycle for a specific region. Hydrological models are utilised
in both representing real-world systems to develop understanding as well as to predict future

patterns and trends.

2.4.2.3 Hydrological modelling of Malawi’s water resources

Within Malawi, hydrological models have been used to explore current water resources and
enhance understanding (Calder et al,, 1995; Lyons et al,, 2011; Sehatzadeh, 2011; Sehatzadeh et
al,, 2017) as well as predict future water resources under differing scenarios (Bhave et al.,
2020). Such models have typically focused on surface water (Bhave et al., 2020; Calder et al,,
1995; Drayton, 1984; Neuland, 1984) or have been confined to water balance methods
(Kumambala, 2010; Lyons et al.,, 2011; Shela, 2000) which have provided limited insights into
comprehensive water resource management, especially concerning groundwater. Existing

groundwater-specific modelling effort have primarily focused on the sub-catchment level
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(Sehatzadeh, 2011). The only currently available estimate of Malawi’s groundwater resources
estimates Malawi’s water resources between 96.7 and 1,108 km? (Kalin et al., 2022) presenting
significant uncertainty in understanding the amount of groundwater within Malawi and future
security of the resource. The large range of this estimate, beyond embedding significant
uncertainty in understanding Malawi's current water resources, limits appropriate management

and planning of groundwater security.
2.5 Knowledge gaps
This thesis addresses several knowledge gaps identified in Malawi’s path to SDG6.

Incomplete Understanding of Water Scarcity: Due to inadequate infrastructure and a lack of
comprehensive groundwater modelling, the understanding of groundwater resources in Malawi
remains limited (Kalin, 2022). This results in significant uncertainty regarding the extent of
groundwater availability and its future sustainability as a vital resource. In addition, the
interconnectedness between groundwater and surface water systems adds complexity to the
overall understanding of water resources management (Kelly et al., 2019). Whilst the
interconnection between rivers and groundwater has been highlighted, with most river flow
coming from baseflow (Kelly et al., 2019), there is currently limited understanding of the role of

groundwater for other surface water availability, particularly lakes.

Uncertain drivers of water quality: Poor drinking water quality presents a critical threat to SDG6.
The majority of the population currently access drinking water that is contaminated with E.coli
(NSO, 2021). Yet the sources of groundwater contamination are not sufficiently understood
making management challenging. In addition, the future risks of groundwater contamination
are not clear, further work is needed to address how Malawi can safeguard water quality both

now and in the future.

Variability in Sanitation and Hygiene Access Estimates: Malawi faces significant discrepancies in

estimates of sanitation and hygiene access (Hinton et al., 2023). This lack of consensus hinders
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efforts to accurately assess progress and ensure uniform advancements in sanitation and
hygiene provision across the country. Rapid demographic changes and the impacts of climate
change are important to consider in understanding future sanitation provision and ensuring a
sustainable path to SDG6. In meeting sanitation and hygiene targets under SDG6.2, the needs of
women, girls and those in vulnerable situations needs to be at the forefront. For understanding
of Malawi’s path to SDG6 further work is needed to explore how the needs of women and girls
are being met, or not, within the realm of sanitation and hygiene. Specifically, this involves the
consideration of challenges in security and privacy within sanitation provision as well as

appropriate menstrual hygiene management (MHM).

How to sustainably explore and promote solutions: Bridging the gap in knowledge involves
identifying actionable solutions to address these challenges comprehensively. Implementing
effective strategies that target various aspects of SDG6 will be instrumental in driving progress

towards universal access to clean water and sanitation in Malawi.
2.6 Conclusion to this chapter

In conclusion, SDG6 in Malawi involves a complex and multifaceted nexus of water resource
management and sanitation provision. Despite notable achievements, such as improvements in
access to safe drinking water, significant challenges remain, including ensuring sustainable
groundwater management and sanitation management under socioeconomic and climatic
change. Addressing these challenges requires holistic approaches that integrate socioeconomic
and environmental considerations. The next chapter explores some of the methods used within
this thesis to address the knowledge gaps highlighted and build a better picture of how Malawi

can work towards sustainable progress to SDG6.
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Chapter 3: Methodology

“The important thing in science is not so much to obtain new facts as to
discover new ways of thinking about them.”

Sir William Bragg, date unknown

31



Chapter 3: Methodology

3.1 Introduction

This thesis employs a range of data sources and methods to explore challenges and solutions to
SDG6 in Malawi. The thesis utilised data from a range of sources discussed in this chapter
including national household surveys, infrastructure survey data, water quality assessments,
measured hydrological and meteorological data, remote sensing, and semi-structured
stakeholder interviews. A blend of quantitative and qualitative data sourc