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How changes in sanitation contribute to reducing human emissions of Rotavirus and Escherichia coli to
Uganda’s surface waters

Abstract
Rotavirus (RV) and Escherichia coli (EC) are among the common causes of diarrhea in children below 5years worldwide. This results in 1.5 million deaths annually. These waterborne pathogens occur in
contaminated surface water, which is an important transmission route. Our study explores the
contribution of changes in sanitation types and coverage on human RV and EC emissions to surface water
in Uganda, using modelling and scenario analysis. To estimate emissions, two models are presented. These
models require RV and EC incidence, excretion rates and wastewater treatment removal for different age
groups, rural and urban populations. The first model estimates emissions for current conditions in 2015
and three scenarios in 2030. Scenarios exploit planned sanitation coverage and prospects in wastewater
treatment by the government. Under Baseline conditions (BS), 6.14x1014 particles/day (RV) and 1.31x1012
CFU/day (EC) are emitted to surface water. In the 2030 scenarios, RV emissions will increase by 75% for
Business As Usual scenario, 212% in the Industrious scenario and decrease by 58% in the Low Emissions
scenario. EC emissions will rise by 91%, 330% in S2 and fall by 36% respectively. The second model includes
emissions from sanitation that were previously considered non-sources. It categorizes Kampala’s
sanitation into offsite, onsite-contained, onsite-not-contained and open defecation. The most important
category is onsite-not-contained, with 75% RV and 69% EC emissions in 2015. This study identifies
emission hotspots in 2015, while the scenarios indicate that emissions to surface water can be reduced
through sanitation planning. Model development provides a means to better account for pathogen in
surface water.
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1.0 INTRODUCTION
Rotavirus (RV) and Diarrheagenic Escherichia coli (DEC) are among the common causes of pediatric
diarrhea worldwide (Rodrigues et al., 2002; Nataro & Kaper, 1998). These waterborne pathogens kill about
1.5 million children every year from gastroenteritis and dysentery (Nakawesi et al., 2010; Hodges and Gill,
2010). Based on their antigenic properties, RVs are classified into seven groups, from A to G. Groups A, B
and C are the only ones known to cause disease in humans. Particularly, group A is responsible for acute
gastroenteritis in children below 5 years (Rodrigues et al., 2002). It manifests with passage of watery stool
or vomiting (or both) of more than seven days, and may be accompanied by fever, abdominal pain and
anorexia (Elliott, 2007). Infected persons excrete between 1010 to 1012 virus particles per gram of stool
(Bishop, 1996). DEC is differentiated from commensal E. coli (EC) by serotyping, biochemical reactions,
clinical virulence screening, diarrhea symptoms and patient age (Nataro & Kaper, 1998). Commensal EC is
a thermotolerant coliform used to infer fecal pathogen contamination from warm-blooded animals
(Ashbolt et al., 2001). EC is known to maintain a density of 106 to 109 cells or colony forming units (CFU)
per gram of feces in the humans (Savageau, 1983). Contaminated water, food and person-to-person
contact are pathways of RV and DEC transmission via the fecal-oral route (WHO, 2002; Caceres et al.,
1998).
Human emissions of RV and EC originate from feces of (infected) individuals spread in the environment
through open defecation, indiscriminate disposal of excreta and inadequate wastewater treatment. Lack
of clean drinking water, poor sanitation, inadequate sewage disposal and unhygienic practices are some
of the risk factors responsible for up to 90% of all global diarrheal diseases (Gebru et al., 2014; Fuhrimann
et al., 2016; Kiulia et al., 2015). RV and DEC cause more than half of the gastrointestinal disease burden in
Africa (Katukiza et al., 2013; Machdar et al., 2013). For Uganda, an approximate 7.3% deaths overall are
due to RV infections among children below 5 years (WHO, 2008; Sigei et al., 2015), with 33% to 45%
hospitalized cases of diarrhea each year (Bwogi et al., 2016; Mwenda et al., 2010; Nakawesi et al., 2010).
Unlike rural areas, urban centers in developing countries are emission hotspots. They are characterized
by poor sanitation; and have constant outbreaks of gastrointestinal infections from bacteria, viruses,
protozoa and helminths (Awange & Ong’ang’a, 2006; Matthys et al., 2007; Pham-Duc et al., 2014;
Fuhrimann et al., 2016). An epidemiological study done in Kampala, Uganda’s capital, estimated diarrheal
disease burden from exposure to wastewater pathogens at 304.3 disability-adjusted life years (DALYs),
with 59,493 total disease episodes per year (Fuhrimann et al., 2016).
RV vaccination has offered a reduction in mortality and morbidity in some countries, despite contests in
efficacy due to the wide variability of RV strains circulating developing countries (Enweronu-Laryea et al.,
2014; Fischer & Black, 2011). In Uganda, RV vaccination was found cost effective, able to avert the cost
per DALY of US$34. This would save nearly US$10 million in over 20 years using the preferred monovalent
(RV1) vaccine, because fewer doses are recommended compared to other vaccines (Sigei et al., 2015).
The program slated to launch in 2016, but limited information is available on its progress.
Improving wastewater treatment, increasing coverage of improved sanitation and propagating hygienic
practices may make vaccination an end-of pipe approach. Adequate wastewater treatment alone has high
removal efficiency for both RV and EC. Uganda largely uses wastewater stabilization ponds (WSPs)
compared to conventional wastewater treatment plants (CWWTPs). Multi-stage WSPs have been found
to remove up to 99% RV through anaerobic, facultative and maturation ponds (Mahassen et al., 2008).
Other studies have found both CWWTPs and WSPs capable of removing up to 99% viruses and bacteria
1

through multiple stages of treatment (Fair et al., 1970; Rowe & Abdel-Magid, 1995; Williams & Overbo,
2015).
However, WHO/UNICEF (2015) Joint Monitoring Program (JMP) update report listed Uganda as one of the
many Sub-Saharan countries that failed to meet the 2015 Millennium Development Goals target for access
to improved sanitation. While the country met the target for access to improved drinking water, only 29%
of the urban and 17% of the rural population had access to improved sanitation. Total coverage stood at
only 19% (WHO/UNICEF, 2015). Between 1990 and 2015, Uganda added other unimproved sanitation
facilities, but open defecation remined in rural areas. However, these practices now decline gradually. The
Ministry of Water and Environment (MWE)’s sanitation sector performance report places coverage of
onsite facilities relatively higher at over 90%, because shared facilities are also counted (MWE, 2016;
AMCOW, 2015).
Sewerage coverage and wastewater treatment perform poorly. About 7% of the country is connected to
municipal sewers confined to urban areas. With an annual urbanization rate of 5% (WB, 2015), sanitation
infrastructure has not matched population growth in urban areas, making sanitation challenges more
prevalent in towns, particularly for the majority urban poor. Adequate treatment of wastewater effluent
is grossly lacking, coupled with limited collection of fecal sludge. Considerable urban run-off into drainage
channels adds to this cycle (Fuhrimann et al., 2016; MWE, 2016; NWSC, 2015; NWSC, 2016; AMCOW,
2015). The main reasons for low coverage are limited network, high coverage of onsite facilities and low
return on investment of sewer lines for National Water and Sewerage Corporation (NWSC), a public water
and wastewater utility (AMCOW, 2015; Fuhrimann et al., 2016; WB, 2010). Despite low sewer coverage,
a five-year strategic plan by NWSC aims at increasing sewerage coverage from 7% to 30% at geographic
towns of operation by 2021 (NWSC, 2016). The wide use of unimproved sanitation, inadequate
wastewater treatment, improper fecal sludge disposal and open defecation increase direct and diffuse
emissions of RV and EC to surface water. These portray poor sanitation as an integral public health
problem, and a principal pathway for pathogens.
Consequentially, poor sanitation often attracts public and private investments into the development,
management and improvement of centralized and decentralized sanitation technologies. Well informed
sector-wide investments would help reduce waterborne pathogens, improve health and livelihood of both
urban and rural communities. However, such initiatives frequently lack data on occurrences, sources and
spatial distribution of important pathogens. Governments and donors need regular information about
current and future emissions to guide sanitation planning.
Modelling studies and scenario analysis on pathogen emissions present an opportunity for understanding
the contribution of sanitation facilities like pit latrines, septic tanks, sewerage systems and open
defecation to surface water contamination. They ultimately guide future decision-making, help in
informing UN’s Sustainable Development Goals (SDGs) for improving sanitation by 2030, and can aid the
country’s vaccination programs. This study aims to explore how changes in sanitation types and coverage
can contribute to reduce human RV and EC emissions to surface water in Uganda. This is achieved by
modelling and scenario analysis, which builds on the GloWPa-Rota H1 model by Kiulia et al. (2015). First,
the contribution of various sanitation types and coverage on emissions was assessed for the baseline year
2015, using literature and observational data. Then different sanitation management scenarios are
developed to compare their influence on emissions in 2030. This is the first attempt to estimate RV and
EC emissions to surface water in Uganda.
2

2.0 METHODS
Between March and May 2017, a field visit was made to Uganda to collect broad datasets on district
population and projections, sanitation types and coverage, RV and EC prevalence and incidence, and
wastewater treatment efficacy for RV and EC removal. Sector-specific actors visited include: Uganda
Bureau of Statistics (UBOS), Ministry of Health (MoH), Ministry of Water and Environment (MWE), Uganda
Water and Sanitation NGO Network (UWASNET) and National Water and Sewerage Corporation (NWSC).
Other datasets were obtained from literature. Two models were used to estimate total RV and EC
emissions: the Global Water Pathogen model for human RV emissions (GloWPa-Rota H1) (Kiulia et al.,
2015) and we developed a modified version: the Kampala Water Pathogen model for human RV emissions
(KlaWPa-Rota H1 model). Both models, programmed in R. Humans, consider humans as the only sources
of RV and EC excreted in feces through losses from sanitation facilities.

2.1

GloWPa-Rota H1 model

An adapted model in Kiulia et al., 2015 of the original GloWPa-Crypto H1 model (Global Water Pathogen
Model for human Cryptosporidium emissions) by Hofstra et al. (2013) was used to estimate human RV and
EC emissions. Emissions were grouped into four categories that are specific to Uganda (See Appendix A1
for full model description):
i.

ii.

iii.

iv.

Connected emissions: feces from the urban/rural population with sewerage network and
wastewater treatment. Different treatment removal efficacies of RV and EC are considered for
distinct types and stages. Uganda has two conventional wastewater treatment plants (CWWTPs)
in Kampala and Masaka districts installed up to secondary stage. The remaining 16 districts have
one or more wastewater stabilization plants (WSPs) each. An assumption is made that sewerage
is equally shared between CWWTPs and WSPs when both are present in a district.
Direct emissions: feces from the population without sanitation facilities or use
unknown/elsewhere in urban and rural areas. However, for model calculations, only direct urban
emissions exist for Uganda represented as people without sanitation facilities,
unknown/elsewhere or practice open defecation.
Diffuse emissions: feces from the population in rural areas practicing open defecation, use
unknown facilities or elsewhere will reach surface water. A mobilization potential is assumed
(Ferguson et al., 2007); and
Non-source emissions: feces from the population using septic tanks and pit latrines in urban and
rural areas. Feces are safely contained, and with die-off over long periods of storage; no
pathogens reach surface water. Additionally, there are no known routes for safe waste disposal.

Calculations depend on urban and rural populations, broad age-grouping, sanitation types and coverage,
wastewater treatment, RV and EC incidence and RV and EC excretion rates. As shown in Table 2, baseline
conditions (BS) comprise of population data for 2015 and sanitation coverage in 2016. Except for Kampala,
input sanitation data for all other districts was obtained from MWE’s Sector Performance Report (SPR)
(MWE, 2016). The model calculates total average daily virus particles at any given time of the year for RV,
and total colony forming units (CFU) for EC at any given time of the year for both rural and urban
populations. To modify the original gridding approach, district input variables instead of country-based
variables were used. Emissions were distributed on a downscaled LandScan 2010 (adjusted to 2015)
population density map (Bright et al., 2010), in a 6-minute resolution (0.1 x 0.1 degrees; latitude and
3

longitude) of approximately 1.5km grids. Table 1 compiles parameters and values as required to estimate
emissions baseline conditions and in scenarios. An overall RV excretion in humans of 1.0x1010 particles
per gram of feces (Bishop, 1996) was used. Following the global emissions account in Kiulia et al. (2015),
this study also uses an RV infection rate of 24% for children below 5-years and 1% in other age groups.
These values apply for developing countries, like Uganda, with a Human Development Index (HDI) of less
than 0.785 in 2015 (UNDP, 2016). The commensal EC excretion of 1.0x106 cells per gram of feces in
humans is adopted from Savageau (1983). Additionally, all warm-blooded animals, including humans,
assumingly have EC symbiotically living in their large intestines (Campbell & Reece 2002). The KlaWPaRota H1 model described in Section 2.2 also uses the same parameters and values.
Table 1: RV and EC standard parameters and input values for the GloWPa-Rota H1 and the KlaWPa-Rota H1 models
Variable
𝑷, 𝑷𝒖 , 𝑷𝒓
𝒇𝒂𝒈𝒆
(𝑹𝑽 𝒐𝒓 𝑬𝑪)𝒆𝒙
(𝑹𝑽 𝒐𝒓 𝑬𝑪)𝒊𝒏

𝒇𝒄𝒖 and 𝒇𝒄𝒓
𝒇𝒅𝒖 and 𝒇𝒅𝒓
𝒇𝒅𝒊𝒇𝒓
𝒇𝒓𝒖𝒏
𝑹𝑬𝑪𝑷𝒕 , 𝑹𝑬𝑪𝑺𝒕 ,
𝑹𝑬𝑪𝑻𝒕
𝑹𝑬𝑾𝑺𝑷

Description
Population, district urban population, district rural population
Fraction of the district population for ages: <5, 5-14, 15-24 and 25+
Excretion of RV and EC per gram of feces
- 1.0x1010 particles for RV
- 1.0x106 CFU for EC
Incidence or occurrence of RV and EC in the population
- 24% for children below 5-years, 1% in others (RV)
- 100% for all individuals (EC)
Fraction of population connected to sewers: urban and rural
Fraction of urban and rural population for direct emissions
Fraction of rural population for diffuse emissions
Run-off fraction based on animal manure mobilization of 2.5%
RV and EC Removal efficacies for wastewater treatment:
- primary stage 20.0%
- secondary stage 97.5%
- tertiary stage 99.2%
- wastewater stabilization ponds 95%

Source
UBOS (2014)
UBOS (2014)
Bishop (1996)
Savageau (1983)
Sigei et al. (2015),
Campbell & Reece (2002)
MOH (2016), MWE (2016),
NWSC (2016)
Ferguson et al. (2007)
Williams & Overbo (2015),
Kiulia et al. (2015) and
NWSC fecal coliform
removal data

Scenario analysis for emissions in 2030
Management scenarios are developed to influence future RV and EC emissions using the GloWPa-Rota H1
model. Data for population between 2015 and 2030 are obtained from the World Bank statistics and
UBOS. Three key elements, which are actor-based strategies helped shape the scenarios:
i.

ii.

iii.

For onsite sanitation: Ministry of Water and Environment (MWE)’s sector development plan for
F/Y 2019/2020 (MWE, 2016; MWE, 2017; WSDF, 2017) which aims at increasing onsite sanitation
coverage, and particularly achieving 100% coverage in small towns and rural growth areas; and
Ministry of Health’s (MoH) Uganda Sanitation Fund Program (USF) continued focus on improving
access to basic onsite sanitation, promoting hygienic behavior and eliminating open defecation at
household level (USF, 2015; GSF, 2017).
On offsite sanitation: NWSC’s five-year strategic direction between 2016 and 2021: to increase
sewerage coverage from the current 6.4% to 30% in their districts of operation (NWSC, 2016); and
ensure compliance to treatment effluent discharge standards.
On meeting SDG targets: UN’s 2015 SDGs resolution 6.3 for governments to halve the proportion
of untreated wastewater by 2030.

4

Table 2 shows the current baseline conditions (BS) in 2015 and the scenarios in 2030. In scenarios S1 is
the “business as usual;” S2 is “industrious” and S3 is “low emissions.” Changes in population, sanitation
and wastewater treatment were developed in line with the actor-specific strategies. These include
population growth, increased rural and urban coverage of improved sanitation; RV and EC removal
efficiency of wastewater treatment; and addition of secondary and tertiary treatment to primary
treatment. The population in the LandScan 2010 gridded data was increased to the scenario urban and
rural population projections for 2030 (accessed from UBOS during the field visit). The main assumption
concerns the S3 scenario. Instead of NWSC’s targeted 30% sewerage coverage in 2021, this study uses
20% population coverage for 2030 for two reasons: (i) since 2011, NWSC’s 6-year trend has remained at
just 6.5% national sewerage coverage; and (ii) the 20% coverage appears feasible in terms of financial and
institutional implications in 2030 compared to NWSC’s 30% for 2021. Other key assumptions made were
that in 2030, urban and rural grids remain urban or rural respectively without additional; and grids in any
district grow at equal proportions from the baseline. Total emissions were then distributed on a
downscaled population density map (adjusted to scenario), as indicated earlier.
Table 2: Baseline conditions and sanitation management scenario descriptions

Population
- district urban
- district rural
Sanitation coverage
- Sewer network
- Onsite sanitation (nonsource)
- Open defecation,
unknown or elsewhere
Wastewater treatment
- WSPs
- Conventional primary
- Conventional secondary
- Conventional tertiary
- Non-treatment

2.2

BS: Baseline 2015

S1: Business
as usual 2030

S2: Industrious
2030

S3: Low
emissions 2030

2014 adjusted to 2015
2014 adjusted to 2015

2030
2030

2030
2030

2030
2030

2016 data

As in 2016

2016 data

As in 2016

2016 data

As in 2016

10% rural
50% urban
75% rural
40% urban
15% rural
10% urban

0% rural
20% urban
95% rural
80% urban
5% rural
0% urban

2016 data
2016 data
2016 data
2016 data
2016 data

As in 2016
As in 2016
As in 2016
As in 2016
As in 2016

30%
20%
20%
10%
20%

60%
60%
30%
0%
10%

An improved account: The KlaWPa-Rota H1 model

We now also account for emissions from all sanitation types differently. The GloWPa-Rota H1 model and
previous models on Cryptosporidium assume that feces from pit latrines and septic tanks never reach
surface water (Hofstra et al., 2013; Vermeulen et al., 2015; Kiulia et al., 2015). However, this assumption
underestimates emissions because events of fecal sludge management (FSM) in these sanitation types
are ignored. Our new KlaWPa-Rota H1 model exploits occurrences of events of the waste management
cycle (WMC) to estimate RV and EC emissions for Kampala. Survey data (KCCA, 2016) from Kampala City
Capital Authority (KCCA) presented an opportunity to account for emissions from sewerage systems, pit
latrines, septic tanks and open defecation using this new approach. The model describes all sanitation
types into their specific proportions, the events of the WMC including containment; emptying; transport
and treatment. However, reuse is excluded. Sanitation types are categorized into sewage centralized to
treatment (offsite), fecal sludge contained or stored onsite (onsite-contained), fecal sludge not contained
5

or not stored onsite (onsite-not-contained) and open defecation (see Table 3). Following this WMC
categorization, emissions from respective sanitation types are estimated according to the city’s shit flow
diagram and representation (Appendices A2.1 and A2.2). Like the GlowPa-Rota H1 model, the KlaWPaRota H1 uses RV and EC excretion, incidence rates and removal efficiencies during wastewater treatment
shown in Table 1.
Table 3: Waste management chain (WMC) and categories of emission fractions for sanitation in Kampala (KCCA,
2016)
Offsite fractions

Containment

Emptying
Transport
Treatment

Connected to sewers
with centralized
treatment
NA
Delivered or not
delivered to treatment
Treated or not treated

Onsite-contained
fractions for fecal
sludge
Contained: stored onsite

Onsite-not-contained
fractions for fecal
sludge
Not contained: not
stored onsite

Open defection

Emptied or not emptied
Delivered or not
delivered to treatment
Treated or not treated

Emptied or not emptied
Delivered or not
delivered to treatment
Treated or not treated

NA
NA

Open
defecation

NA

RV and EC emissions (𝐻) to surface water are calculated from the base equation:
𝐻 = 𝑃𝑘 𝑥 𝑓𝑠𝑎𝑛 𝑥 (𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥 𝑥 𝑓𝑛𝑟

(1)

Where: 𝑃𝑘 is the population of Kampala, 𝑓𝑠𝑎𝑛 is the fraction of the population using offsite or onsite
sanitation or practicing open defecation under the WMC categories, (𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥 is the RV and EC
excretion rate and 𝑓𝑛𝑟 is the fraction of RV and EC not removed by wastewater treatment.
Emissions from sanitation categories are given by:
𝑂𝑓𝑓𝑠𝑖𝑡𝑒 (𝑂𝑓𝐸 ) = 𝑃𝑘 𝑥𝑓𝑎𝑔𝑒 𝑥(𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥 𝑥𝑓𝑤 𝑥[𝑓𝑤𝑑 𝑥𝑓𝑡 𝑥(1 − 𝑓𝑟𝑒𝑚 ) + 𝑓𝑤𝑑 𝑥 𝑓𝑛𝑡 + 𝑓𝑤𝑛𝑑 ]

(2)

𝑂𝑛𝑠𝑖𝑡𝑒 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑑 (𝑂𝑐𝐸 ) = 𝑃𝑘 𝑥𝑓𝑎𝑔𝑒 𝑥(𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥 𝑥𝑓𝑠 𝑥[𝑓𝑠𝑒 𝑥𝑓𝑠𝑑 𝑥𝑓𝑡 𝑥(1 − 𝑓𝑟𝑒𝑚 ) + 𝑓𝑠𝑒 𝑥𝑓𝑠𝑑 𝑥𝑓𝑛𝑡 +
𝑓𝑠𝑒 𝑥𝑓𝑛𝑑 + 𝑓𝑠𝑛𝑒 𝑥𝑝𝑚 ]
(3)
𝑂𝑛𝑠𝑖𝑡𝑒 𝑛𝑜𝑡 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑑 (𝑂𝑛𝑐𝐸 ) = 𝑃𝑘 𝑥𝑓𝑎𝑔𝑒 𝑥(𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥 𝑥𝑓𝑛𝑠 𝑥[𝑓𝑛𝑠𝑒 𝑥𝑓𝑠𝑑 𝑥𝑓𝑡 𝑥(1 − 𝑓𝑟𝑒𝑚 ) +
𝑓𝑛𝑠𝑒 𝑥𝑓𝑠𝑑 𝑥𝑓𝑛𝑡 + 𝑓𝑛𝑠𝑒 𝑥𝑓𝑛𝑑 + 𝑓𝑛𝑠𝑛𝑒 ]
(4)
𝑂𝑝𝑒𝑛 𝑑𝑒𝑓𝑒𝑐𝑎𝑡𝑖𝑜𝑛 (𝑂𝑑𝐸 ) = 𝑃𝑘 𝑥 𝑓𝑎𝑔𝑒 𝑥 (𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥 𝑥 𝑓𝑜𝑑

(5)

Total RV and EC emissions for Kampala (𝐻) is represented by
𝐻 = 𝑂𝑓𝐸 + 𝑂𝑐𝐸 + 𝑂𝑛𝑐𝐸 + 𝑂𝑑𝐸

(6)

Under offsite emissions: 𝑓𝑤 is the fraction of the population connected to sewers, 𝑓𝑤𝑑 is the fraction of
sewerage delivered to treatment, 𝑓𝑤𝑛𝑑 is the fraction of sewerage not delivered to treatment, 𝑓𝑡 is the
fraction that gets treated and 𝑓𝑛𝑡 does not receive treatment. For onsite-contained and onsite-notcontained emission fractions: 𝑓𝑠 is the fraction of fecal sludge stored, 𝑓𝑛𝑠 is not stored onsite, 𝑓𝑠𝑒 is stored
and emptied, 𝑓𝑛𝑠𝑒 is the fraction not stored and emptied, 𝑓𝑠𝑛𝑒 is stored and not emptied (this fraction is
assumed to have a zero mobilization potential - 𝑝𝑚 and thus remains safely contained onsite), 𝑓𝑠𝑑 is
delivered to treatment, 𝑓𝑛𝑑 is not delivered to treatment, 𝑓𝑡 receives treatment, 𝑓𝑛𝑡 does not receive
6

treatment and 𝑓𝑛𝑠𝑛𝑒 is not stored and not emptied. The fraction of open defecation is represented as 𝑓𝑜𝑑 .
Fractions for age groups: 0 to <5, 5 to 14, 15 to 24 and 25+ is indicated as 𝑓𝑎𝑔𝑒 . Lastly, 𝑓𝑟𝑒𝑚 is the fraction
of removal by wastewater treatment for RV or EC. It is computed for each type and stage of wastewater
treatment as follows:
𝑓𝑟𝑒𝑚 = 𝑓𝐶𝑃𝑡 𝑥 𝑅𝐸𝐶𝑃𝑡 + 𝑓𝐶𝑆𝑡 𝑥 𝑅𝐸𝐶𝑆𝑡 + 𝑓𝐶𝑇𝑡 𝑥 𝑅𝐸𝐶𝑇𝑡 + 𝑓𝑊𝑆𝑃 𝑥 𝑅𝐸𝑊𝑆𝑃

(7)

Where: 𝑓𝐶𝑃𝑡 , 𝑓𝐶𝑆𝑡 , and 𝑓𝐶𝑇𝑡 are the fractions of conventional wastewater treatment plants that have
primary, secondary and tertiary stages with their corresponding RV and EC removal efficiencies 𝑅𝐸𝐶𝑃𝑡 ,
𝑅𝐸𝐶𝑆𝑡 and 𝑅𝐸𝐶𝑇𝑡 respectively. While 𝑓𝑊𝑆𝑃 and 𝑅𝐸𝑊𝑆𝑃 are the fractions of wastewater stabilization ponds
with their respective RV and EC removal efficiencies.

3.0 RESULTS
3.1

GloWPa-Rota H1 results

At any one moment in 2015, an average of 6.18x1014 RV particles/day and 1.31x1012 EC CFU/day were
emitted to surface water, with averages per district of 5.52x1012 viral particles/day and 1.17x1010 CFU/day
respectively. Urban emissions were the most important for both microorganisms, at 88% for RV and 89%
for EC. Of the total RV particles emitted, children below 5 years contributed 82% and other age groups
combined were responsible for 18%. Proportionally, children below 5 years shed more RV than other age
groups combined, yet they comprise of just 18% of the total population. Like the findings in Kiulia et al.
(2015), this is attributed to high infection rates (24%) in children compared to others (Table 1). Because
of using the same incidence of commensal EC for all age groups, the contribution of the under 5-years to
total emissions is only proportional to their population size. Comparably, other age groups who are the
majority, contribute 84% to total EC emissions while the under 5-years contribute 16%.
In Figure 1, emission appear evenly distributed in grid plots between 7 log10 to 10 log10 viral
particles/grid/day (RV); and 5 log10 to 7 log10 CFU/grid/day (EC) for all the districts in the BS. Major urban
centers, such as Kampala with no rural population, are emission hotspots, appearing red in the BS and in
scenario plots. Overall, high RV and EC emission areas are in the south, south east, central, east and northwest regions of the country. These are densely populated areas, with larger urban fractions compared to
the rest of the country and can be identified as risk zones for RV or DEC infection. Compared to the rest
of the country, Kampala; Wakiso; Buikwe; Jinja; Gulu and Kitgum have higher RV emissions ranging
between 1.64x1013 and 5.95x1013 virus particles/day. EC emissions are comparably high in the same
districts, between 3.23x1010 and 1.75x1011 CFU/day. Districts with the least emissions are Moyo, Buhweju
and Rubirizi with an average 3.07x1011 particles/day (RV); and 6.05x108 CFU/day (EC).
The BS plot in Figure 2, shows direct urban RV and EC emissions taking the largest share of the total. Their
contribution to the total emissions of 74% (RV) and 69% (EC), originates from the urban population having
no (known) sanitation facilities. Connected RV emissions account for 14%, while diffuse emissions are 12%
of the total. Connected EC emissions are 20%, while diffuse EC emissions are 11% of the total.
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EC emission map for the BS

EC CFU/grid/day at any
time of year

Scenario EC emission maps and their difference plots
RV particles/grid/day at
any time of year

Scenario RV emission maps and their difference plots

Log10 EC CFU/grid/day at any time of
year

Log10 RV particles/grid/day at any time of
year

RV emission map for the BS

Figure 1: RV AND EC emission maps and difference plots for Uganda in 2015 and 2030. Emissions from each scenario to surface water
are plotted on LandScan 2010 population density map adjusted to 2015 for the Baseline (BS) and to scenario population in the Business
as usual (S1), Industrious (S2) and Low emissions (S3) scenarios. The population is distributed into urban and rural grids of approximately
1.5kmx1.5km resolution. RV(a)-RV(d) are the standard log plots of total district emissions from baseline to scenarios, while rotavirus
difference plots (RVDP) RV(e)-RV(g) are the differences between the respective scenario and the baseline in virus particles/grid/day.
Similarly, EC(a)-EC(d) are the standard log emission maps per district for EC with respective difference plots EC(e)-EC(g) in CFU/grid/day.
Changes in population, sanitation coverage and wastewater treatment as described in Table 2 account for the spatial distribution of
emissions.
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Direct emissions attach a strong importance of high risk of infection to the urban population without
sanitation facilities, especially in the districts with more emissions. Incidentally, direct emissions are from
a much smaller urban population which is just 15% of the total population. Kampala, Buikwe, Wakiso and
Kitgum have high emissions due to their large urban populations. Their combined urban population of
61% is higher than the national average of 15% in 2015, which explains their significant contribution to
direct emissions. The field visit to Uganda revealed that there are only 18 towns with wastewater
collection and treatment facilities, covering a combined 7% of the total population. The low coverage is a
likely reason for the reduced share of connected emissions. Kampala, Wakiso, Jinja, Mbale and Mbarara
are hotspots for connected RV and EC emissions. Districts with the highest open defecation emissions are
Arua, Kotido, Mayuge, Kamuli, Kaabong and Kibaale. Such districts have much larger proportions of their
population living in rural areas compared to other districts.

3.1.1

Sensitivity analysis

Results on the model framework for Cryptosporidium emissions in Bangladesh and India in Vermeulen et
al. (2015) are considered for the GloWPa-Rota H1 model. Vermeulen et al. (2015) investigated how model
output varies with changes in ten input parameters. The most sensitive parameters in this analysis were
excretion and incidence of Cryptosporidium in the study populations, producing up to a 20-fold increase
in emissions with a 1 log unit change in excretion and halving or doubling of incidence rates. Parameters
like fecal fractions of different treatment stages (primary, secondary and tertiary), and their respective
removal efficiencies were found to be strongly linked. The analysis also established large uncertainty with
the fraction of emissions from pit latrines and pit latrines reaching surface water for Bangladesh and India.
Connected

Direct

Diffuse
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Percentage share of emissions
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S1
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Figure 2: RV AND EC shares of the total emissions from connected, direct and diffuse sources
for the baseline (BS) in 2015 and the scenarios (S1, S2 & S3) in 2030.
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3.1.2

RV and EC emissions to surface water in 2030

In 2030; the total population will rise by 57%, of which 80% will be rural and 20% urban. Under the
business as usual scenario, S1, RV emissions will increase by 75%; with a total of 1.08x1015 particles/day,
while EC emissions will rise by 91% with a total of 2.50x1012 CFU/day. RV and EC standard and difference
plots (Figure 1) in central, eastern, western and northern regions show emissions ranging between 7 log10
to 10 log10 virus particles/grid/day in plot RV(b); with an additional 104 to 1010 virus particles/grid/day in
RV(e), and 5 log10 to 7 log10 CFU/grid/day - EC(b); with an extra 104 to 108 CFU/grid/day as shown in EC(e).
The RV difference plot shows a handful of districts with negative emissions. Comparable to BS results for
RV and EC, the urban population contributes more emissions at 91%, while the rural share is 9%. With the
80% share of RV emissions, children below 5-years remain major contributors due to their high infection
rate. Kampala and other high population density districts/regions are again hotspots of emissions,
appearing from yellow to red colors in Figure 1. Despite the increase in total emissions, percentage shares
from connected, direct and diffuse sources are nearly the same as the BS. At 80%, urban direct emissions
remain higher than connected urban (11%) or diffuse rural emissions (9%) (Figure 2). Limited changes in
sanitation coverage, wastewater treatment and open defecation account for this similarity, despite an
increase in total population in S1. Compared to the BS, the percentage changes in Figure 3 show
connected emissions will rise by 46%, direct emissions by 87% and diffuse emissions by 33% for RV. EC
emissions will similarly increase by 60% for connected, 107% for direct and 47% for diffuse sources. These
changes are solely caused by an increased population in 2030.
Connected

Direct

Diffuse
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EC
RV
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EC
RV
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EC
RV
-200%
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Figure 3: Percentage change in RV AND EC emissions for S1, S2 and S3 in 2030 compared to the
BS.

Total emissions are highest in S2 than in any other scenario with 1.93x1015 virus particles/day (RV) and
5.63x1012 CFU/day (EC). This is an increase of 212% from the BS for RV and 330% for EC. Standard and
difference RV plots in Figure 1 show emissions ranging between 8 log10 to 11 log10 virus particles/grid/day
- RV(c), with an additional 108 to 1012 virus particles/grid/day in RV(f) compared to the BS. In EC emissions,
between 5 log10 to 8 log10 CFU/grid/day are shown in EC(c), plus 104 to 108 CFU/grid/day in the difference
plot EC(f) with respect to the BS. Due to high infection rates, children below 5-years contributed to 74%
total RV emissions, while other age groups were responsible for 26%. Urban and rural contributions to the
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total emissions are 75% (RV); 73% (EC) and 25% (RV); 27% (EC) respectively. Connected emissions are
largest in the total share with 61% (RV) and 71% (EC); followed by direct emissions with 35% (RV), 26%
(EC); and lastly diffuse emissions at 4% (RV) and 3% (EC) (Figure 2). Together with new entrants, the same
districts in BS and S1 have large urban populations that contribute towards connected and direct RV and
EC emissions. They include Wakiso, Kampala, Kibaale, Mubende, Mukono, Hoima, Mbarara, Buikwe and
Gulu. Urban emissions are higher and more important than rural emissions despite coming from the
smaller proportion (20%) of the total population in 2030. Compared to the BS, connected RV emissions
will increase drastically by 1308%, direct emissions will rise by 48%; and diffuse emissions will increase by
1%. For EC, both connected and diffuse emissions rise by 1447% and 64% respectively; while direct
emissions will increase by 47% (Figure 3). The overwhelming rise in connected RV and EC emissions is
because 50% of the population in the urban and 10% in rural areas are connected to sewers (Table 2). This
forms a much larger fraction of the two that mobilizes more feces to treatment plants compared to BS,
S1 or S3. Additionally, unlike the BS and S1, all districts in S2 and S3 are connected to sewers. The assumed
50% of feces going to primary treatment and 30% to secondary treatment are less sufficient to produce
marked reduction effect; while using the CWWTP/WSP removal efficiencies in Table 1. Only 4% (RV) and
3% (EC) of the total emissions are from open defecation, contributed by 15% of the total population in
2030 (Table 2, Figure 2).
The low emissions scenario, S3, had a total of 2.57x1014 virus particles/day (RV) and 8.44x1011 CFU/day
(EC). Assumptions in S3 are guided by changes prospected in sanitation coverage and wastewater
treatment by MoH; MWE; NSWC, and in light of SDG 6.3 by 2030 as outlined in Section 2.1. In Table 2, a
large fraction of the population (80% urban and 95% rural) is left out because of using non-source
sanitation (pit latrines and septic tanks). Compared to the BS, there will be an overall reduction in total
emissions by 58% for RV and 36% for EC. Direct emissions are eliminated, remaining only with connected
emissions at 91% (RV); 94% (EC), and diffuse emissions at 9% (RV) and 6% (EC) of the totals (Figures 2).
Connected emissions reaching surface water will increase by 180% for RV and 207% for EC (Figure 3). This
is expected because the total population connected to sewers is higher in S3 at 20%, for all the 112
districts, compared to the BS with an average just 7% for only 18 districts. For both microorganisms, direct
emissions are eliminated because 0% of the urban population has no (known) sanitation facility. Diffuse
emissions are reduced by 66% in both RV and EC because only 5% of the country’s population practices
open defecation (Table 2, Figure 3). Emissions in standard plots RV(d) and EC(d) in Figure 1 are lowest,
ranging from 6 log10 to 9 log10 viral particles/grid/day and 3 log10 to 7 log10 CFU/grid/day for RV and EC
respectively. Difference plots RV(g) and EC(g), show a substantial number of districts with negative RV and
EC emissions because of the substantial proportion of non-source populations; and eliminated/reduced
direct and diffuse emissions. Due to a large urban population connected to sewers, Kampala remains a
major concern area with emissions between 10 log10 and 12 log10 viral particles/grid/day (RV) and 7 log10
to 9 log10 CFU/grid/day (EC) in Figure 1. Although emissions will spread-out across dense urban centers,
high emission areas are visible in the south east, north west and western parts of the country for both RV
and EC. More RV (70%) emissions will come from children below 5-years due to high infection rates as
described before.
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3.2

KlaWPa-Rota H1 results

The desk based survey in KCCA (2016) estimated fractions of human waste movement in a Shit Flow
balance for Kampala (Appendix A2.1). Accordingly, offsite centralized sewage systems collect 22% of the
waste, fecal sludge contained onsite was 38%, fecal sludge not contained onsite being 40%, and open
defecation with less than 1%. The KlaWPa-Rota H1 model utilized these fractions to estimate RV and EC
emissions to surface water in Kampala, for 2015. A total of 1.20E+14 RV particles/day and 2.57E+11 EC
CFU/day were emitted to surface water. Onsite-not-contained emissions were highest, taking 75% of the
total 8.97x1013 particles/day for RV; and 69% of the total 1.77x1011 CFU/day for EC (Figure 4). As expected
this category results in more emissions reaching surface water directly, because fecal sludge is not stored
onsite, is either emptied or not emptied but ends up directly or indirectly into surface water. Part of the
fraction in the onsite-not-contained category emptied does not reach treatment, and hints out towards
illegal dumping of feces into the surrounding environment (see Appendices A2.1 and A2.2). Offsite
emissions were second with 16% (RV) and 23% (EC) of the total.
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Figure 4: RV AND EC emissions at any moment in a year from sanitation categories as used in the
KlaWPa-Rota H1 model for Kampala

The magnitude of offsite emissions to surface water depend upon wastewater treatment efficiency.
Onsite-contained emissions were relatively visible, contributing 9% (RV) and 8% (EC) to the total
emissions. Children below 5-years are the most important age group in RV emissions, contributing 82%,
while other age groups combined were responsible for 18%. This is attributed to the high RV excretion
rate in children under 5-years as shown in the GloWPa-Rota H1 model. EC emissions do not elicit this
relationship, and are only proportional to the sizes of each age group, like the results of the GloWPa-Rota
H1 model.
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Sensitivity analysis
A sensitivity analysis conducted for the KlaWPa-Rota H1 model, determined how modelled RV output
varies with changes in input parameters. The parameters were run in pairs, following the approach in
Vermeulen et al. (2015). These parameters include: RV incidences for children below 5-years and for other
age groups combined, RV excretion rates, proportions of Kampala’s fecal waste from offsite; onsitecontained; onsite-not-contained and open defecation sources, and removal during wastewater
treatment. Both wastewater stabilization ponds, and primary; secondary and tertiary stages of
conventional systems were analyzed (Table 4). Because Kampala’s population is only urban, changes in
RV emissions due to population growth and urbanization were not investigated. A total of 18 runs were
made for each pair of parameters in different assortments. Values were assorted into low; medium or
high, compared to the standard run. These values were then run in different combinations from 3 to 5
values in a single run for any pair of parameters.
Table 4: Model parameter values for the standard run and the sensitivity analysis runs for RV in the KlaWPa-Rota
H1 model
Standard
values
1.0E+10

low

1.0E+08

Infection rate <5 years

0.24

half

0.12

Infection rate others

0.01

standard

0.01

WSP efficiency

0.95

low

0.2

CWWT efficiency: primary

0.2

low

0.2

CWWT efficiency: secondary

0.975

low

CWWT efficiency: tertiary

0.9921

Fraction of feces to WSPs

0.3333

Fraction of feces to primary

0.3333

Fraction of feces to
secondary
Fraction of feces to tertiary

Excretion

Value 1

Value 2
standard

1.0E+10

Value 3
high
double

1.0E+12

half

0.12

0.48

high

0.2

high

0.2

medium

0.4

high

0.99

medium

0.4

standard

0.95

0.2

medium

0.4

high

0.99

low

0.2

medium

0.4

standard

high

0.9

medium

0.2

low

0

low

0.0333

medium

0.2

high

0.45

0.3333

low

0.0333

medium

0.2

high

0.45

0

low

0.0333

high

0.4

low

0.1

0.9921

Like the results in Vermeulen et al. (2015), the most sensitive parameters in the KlaWPa-Rota H1 model
are RV excretion and infection rates. Doubling the incidence in children less than 5-years to 48%,
increasing in others to 20%, and raising the excretion rate to 1x1012 particles per capita increases RV
emissions by 130,000%. Percentage change in emissions at each type and stage of wastewater treatment
changes with corresponding RV removal efficacies. Varying the fractions of waste going to WSPs, primary,
secondary and tertiary treatment stages does not produce a marked effect to emissions at different
removal efficacies (see results in Appendix A3).

3.3

Comparison of the GloWPa-Rota H1 and KlaWPa-Rota H1 results

Total and age-group RV and EC emission outputs for Kampala in 2015 from the GloWPa-Rota H1 and the
KlaWPa-Rota H1 models were compared. The KlaWPa-Rota H1 model makes a first attempt to include
emissions from non-source sanitation, particularly pit latrines and septic tanks, ignored by the GloWPaRota H1 model. Estimated emissions of the GloWPa-Rota H1 model are lower compared to the KlaWPaRota H1 model, at 5.95E+13 (RV), 1.75E+11 (EC); and 1.20E+14 (RV), 2.57E+11 (EC) respectively (Figure 5).
Proportionally, children under 5-years who are 18% of Kampala’s population, contribute more RV
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emissions in both models at 74% and 82% respectively. EC emissions are not skewed towards this
relationship but vary according to age-group population sizes as explained in Section 3.1. The KlaWPaRota H1 model results reveal additional emissions of 6.02E+13 (RV) and 8.23E+10 (EC) in non-source
sanitation. Besides including connected and open defecation emissions, it revises the direct and nonsource categories of the GloWPa-Rota H1 model, based on events of the WMC. This produces a more
comprehensive representation of sanitation categories.
EC
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Figure 5: A comparison of RV and EC emissions from the GloWPa-Rota H1 and the KlaWPa-Rota H1
models for Kampala in 2015.

4.0 DISCUSSION
The GloWPa-Rota H1 model produced emission maps for the baseline year and scenarios, which identify
hotspots of high RV and EC emissions to surface water. Sources of the most important emission categories
are revealed. Children below 5-years emit more RV than other age groups. Both urban and rural emissions
are population density dependent. By magnitude, emissions in the BS and S1 scenario are higher for the
urban population without sanitation facilities or disposing feces illegally (direct sources). Rural emissions
are least across all scenarios because of the low proportions of open defecation. Total emissions are
highest in S2, with more connected than direct emissions, although both are equally important. In S3,
emissions are lowest, with most of which come from the connected population. Direct emissions are
eliminated.
The sanitation changes in S3 attempt to overhaul the conditions in the BS. The scenario eliminates direct
sources, increases sewerage coverage and reduces diffuse emissions. Despite a 3-fold increase in
connected emissions, the estimated sewer coverage is below NWSC’s target of 30% by 2021. Urban direct
emissions are very important in the BS, S1 and S2 because they end up in surface water much faster than
connected or diffuse emissions through run-off. For the latter, a mobilization factor must be assumed,
which enables feces deposited on land to reach surface water. Connected emissions on the other hand
depend on the connected population proportions and treatment removal efficiencies. However, in S2,
primary, secondary, tertiary and WSPs systems do not produce a significant reduction in emissions, due
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to non-treatment and the large share of fecal matter from the connected population. With a smaller
fraction of non-treatment, the low emissions scenario (S3) has lower emissions because a small population
is connected to sewers. Therefore, connecting more people means more emissions reach surface water.
While the GloWPa-Rota H1 model ignores emissions from pit latrines and septic tanks, the KlaWPa-Rota
H1 model identifies onsite-not-contained emissions as the largest share reaching surface water in
Kampala. Offsite emissions discharged as wastewater treatment effluent are second most important, and
onsite-contained emissions were the least, but not unimportant. A fraction of onsite-contained feces, that
is not emptied is assumed to remain safely stored and does not reach surface water. Therefore, RV and
EC emissions from the onsite-not-contained and offsite categories highlight Kampala’s sanitation
challenges.
Both models show that children below 5-years are responsible for the largest share of RV emissions
directly and proportionally. Data on RV infection and disease burden are limited in Uganda. Studies,
however, show that more children below 5-years are hospitalized with diarrhea than other age groups in
the community (Bishop, 1996; WHO, 2002). Thus, a higher RV incidence is used in our models for children
below 5-years, which translates into more emissions. This association is not present in EC emissions
because all age groups are assumed to shed commensal EC in feces. EC emissions proportions therefore
only vary proportionally in our results.
However, several uncertainties in modelled parameters and scenario implications. RV and EC incidence
and excretion rates are established from literature. These data are limited and indeterminate, depending
on a variety of predisposing factors, which can cause overestimation or underestimation. RV incidence
rates are known to vary between age groups, healthy or infected individuals, prevalent sanitation
conditions and weather conditions (Mwenda et al., 2010; Fuhrimann et al., 2016; Bwogi et al., 2015). Both
models use the same RV and EC excretion rates for all age groups. However, using the same RV and EC
incidences in the BS to estimate emissions in 2030 may not represent future emissions. This is the
probable cause for the diminishing magnitude of the under 5-year contribution across scenarios. In 2030,
RV and EC incidence or prevalence will likely change, as the country develops and population increases.
The sensitivity analysis of both models highlights that largest uncertainty comes from RV and EC excretion
and infection rates. They are major determinants of emissions. Halving or doubling the standard the
excretion/infection rates as shown in Appendix A4 (sensitivity results table), lead to a change in missions
magnitude. However, this does not affect spatial distribution of emissions. This means that model results
of relative of RV and EC distribution patterns in the emission maps are strongly valid. More studies on RV
and EC (DEC) excretion and incidence would therefore improve models results.
Placing pit latrines and septic tanks as non-sources in the GloWPa-Rota H1 model may not represent fecal
sludge management (FSM) trends from onsite sanitation in Uganda. The Sector Performance Report (SPR)
of MWE (MWE, 2016) reveals that illegal disposal of fecal sludge occurs in swamps, quarries and water
bodies. With more than 90% of the urban population using pit latrines and septic tanks, challenges in FSM
affect periodic emptying and safe disposal practices. The challenges identified in the report include poorly
constructed latrines that are difficult to empty; limited disposal and treatment facilities in most towns;
low demand for disposal services; inadequate monitoring and regulation; and high emptying or haulage
costs. Such FSM events indicate that emissions from pit latrines and septic tanks are left out in the
GloWPa-Rota H1 model.
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The KlaWPa-Rota H1 model plays a vital role to reveal underestimations in onsite direct and non-sources
emissions of the GloWPa-Rota H1 model. The latter model does not separate the fractions of direct
emissions in onsite sanitation that are safely managed from that which is unsafely managed. The KlaWPaRota H1 model on the other hand exploits all events in KCCA (2016)’s Shit Flow diagram (Appendix A2.1).
According to the diagram, a fraction of onsite-contained and onsite-not-contained are safely managed,
such as through emptying and disposal to wastewater treatment plants. Further accounting represents
what happens to fecal waste when it arrives at treatment, as to whether it gets treated or not. These
potentially reduces chances of underestimation in the KlaWPa-Rota H1 model. However, the model was
not done at country scale, or for rural and urban populations, and does not include reuse stage of the
WMC. These aspects could be added to future studies. Exploring scenarios with the model could also
indicate how changes in sanitation influence future emissions.
The KlaWPa-Rota H1 model was developed only for Kampala, due to limited FSM data across the country.
The city’s sanitation is critical for its large population of 1.5 million, that doubles during day. This shift in
day-time population transfers and concentrates emissions to one hotspot. With over 90% relying on onsite
sanitation a huge pressure is piled on existing, yet inadequate infrastructure. Additionally, more than 80%
of the country’s cesspool trucks are based in Kampala (AMCOW, 2015; NWSC, 2015; KFSMP, 2016; MWE,
2016; NWSC, 2016). Estimating RV and EC emissions for Kampala, therefore, contributes towards
understanding the impacts of poor sanitation. The KlaWPa-Rota H1 model assumes that a fraction of feces
from septic tanks and pit latrines are not emptied, and remain safely contained underground. This is a
minor assumption, but has a bearing on sporadic extreme events, particularly for flood-prone areas
around the city. Floodwater and storm water may enter latrines not raised above ground levels in
floodplains, presenting an opportunity for feces to be flushed out to surface water. Such events only
produce occasional, non-frequent impact on total emissions.
Finally, national sewer coverage in 2015 was found in only 18 (based in large urban areas), out of the 112
districts. Between the current BS conditions and 2030, the implementation feasibility of assumptions in
S2 and S3 on coverage for all districts in 2030 depends up on actor strategies, legislation, institutional and
financial capability. Increasing improved sanitation coverage, promoting hygienic practices, improving
treatment efficiency and reducing non-treatment are some of the short-term critical focus areas of MWE
and NWSC, despite the seemingly existing conflict of interests among MoH, MWE and NWSC on sanitation
coverage targets as shown in Section 2.1.

5.0 CONCLUSIONS
This study explored the influence of changes in sanitation types and coverage on RV and EC emissions to
surface water in Uganda. Using the GloWPa-Rota H1 model, estimates have been presented for the
baseline year 2015 and the conditions simulated in several scenarios in 2030. The KlaWPa-Rota H1 model
is the first attempt to account for emissions from non-source sanitation differently. Considering input
data, both modelling studies are replicable in any country or geographic region to highlight areas, where
inadequate and/or poor sanitation lead to high emissions in surface water.
High emissions to surface water may increase the risk of RV and DEC infections for indicated populations.
Unlike EC, RV emissions directly link to relative risk of diarrhea for indicated populations. However,
studying EC emissions can help reveal levels of surface water fecal contamination, considering EC is
representative for leakages of fecal matter. The BS results help pinpoint districts or regions of attention
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for sanitation action, and can guide RV vaccination programs to emission hotspots. Scenario outcomes in
S1, S2 and S3 reveal the levels of RV and EC in surface water due to the estimated changes in population
and sanitation in the future. They are built with an aim to inform stakeholder decisions on improving
sanitation and reducing emissions, which ultimately results in a reduction of diarrhea water borne
pathogens. Overall, connecting more people across the scenarios results in an overwhelming increase in
emissions, despite treatment removal assumed. Both connected and direct emissions in urban areas are
proportionally more important than diffuse emissions in rural areas.
The BS, S3 and the KlaWPa-Rota H1 results for onsite-contained WMC category indicate a need to promote
use of onsite facilities such as lined pit latrines and septic tanks with frequent emptying cycles. Compared
to offsite technologies these may be a low cost, less capital-intensive alternative towards reducing
emissions and protecting the environment. Additionally, the reduction in direct and diffuse emissions in
S3 may translate into reduced risk of diarrhea compared to BS, S1 and S2. With more people using nonsource onsite sanitation, it presents an opportunity for actors to focus on improving wastewater
treatment by increasing efficiency and reducing the amount of untreated waste. This will go a long way
towards meeting the SDG 6.3 target for 2030. Reducing conflicting interests may mean actors conduct
joint planning, implementation and monitoring of sanitation undertakings. Actors can determine action
plans associated with each type and coverage levels of sanitation for urban and rural areas.
The KlaWPa-Rota H1 modelling approach is a first attempt to include emissions from the non-source
sanitation. These emissions were ignored by the GloWPa-Rota H1 as not reaching surface water. It also
presents a concise and comprehensive way of estimating emissions following stages of the WMC.
Plausible sanitation scenarios should be explored with the KlaWPa-Rota H1 model; and regarding other
waterborne pathogens emissions (such as Cryptosporidium; Salmonella and cholera). Because more
onsite sanitation is used in Uganda, their impact on groundwater contamination could be established.
Concentrations modelling under various climatic conditions should also be considered to quantify the risk
of pathogen emissions to surface water.

Acknowledgements
This work was developed as a pilot for the proposed Global Water Pathogen Knowledge-to-Practice
Project in Uganda. The authors greatly acknowledge the generous contribution of the Water Research
Group, Department of Fisheries and Wildlife, Michigan State University for funding the data collection
process in Uganda.
17

REFERENCES
AMCOW. (2015). Water Supply and Sanitation in Uganda: Turning Finance into Services for 2015 and
Beyond. A Country Status Overview Report (Vol. CSO2). Water and Sanitation Program, Nairobi,
Kenya. 1-36.
Ashbolt, N., Grabow, W., & Snozzi, M. (2001). Indicators of microbial water quality. Water Quality:
Guidelines, Standards and Health, 289–316.
Awange, J. L., & Ong’ang’a, O. (2006). Lake Victoria: Ecology, resources, environment. Lake Victoria:
Ecology, Resources, Environment. https://doi.org/10.1007/3-540-32575-1.
Bishop, R.F. (1996). Natural history of human rotavirus infection. Archives of Virology. Supplementum.
12, 119–128.
Bright, E.A., Coleman, P.R., Rose, A.N., Urban, M.L. (2011). Landscan 2010. Oak Ridge. National
Laboratory, Oak Ridge, TN, USA.
Bwogi, J., Malamba, S., Kigozi, B., Namuwulya, P., Tushabe, P., Kiguli, S., … Karamagi, C. (2016). The
epidemiology of rotavirus disease in under-five-year-old children hospitalized with acute diarrhea
in central Uganda, 2012-2013. Archives of Virology, 161, 999–1003.
https://doi.org/10.1007/s00705-015-2742-2.
Caceres, V.M.; Kim, D.K.; Bresee, J.S.; Horan, J.; Noel, J.S.; Ando, T.; Steed, C.J.; Weems, J.J.; Monroe,
S.S.; Gibson, J.J. (1998) A viral gastroenteritis outbreak associated with person-to-person spread
among hospital staff. Infect. Control Hosp. Epidemiol., 19, 162–167.
Campbell NA, Reece JB. (2002) Biology, Pearson Education 2. Inc, San Francisco.
Elliott, E. J. (2007). Acute gastroenteritis in children. BMJ, 334, 1-35.
https://doi.org/10.1136/bmj.39036.406169.80
Enweronu-Laryea CC, Boamah I, Sifah E, Diamenu SK, Armah G (2014) Decline in severe diarrhea
hospitalizations after the introduction of rotavirus vaccination in Ghana: a prevalence study. BMC
Infect. Dis., 14, 431.
Fair GM, Geyer JC, Okun D. (1970). Water purification and waste-water treatment and disposal. Water
and Waste-water engineering, 2, 240.
Ferguson, C.M.; Croke, B.F.W.; Beatson, P.J.; Ashbolt, N.J.; Deere, D.A. (2007). Development of a
process-based model to predict pathogen budgets for the Sydney drinking water catchment. Water
Health, 5, 187–208.
Fischer Walker C.L., Black R.E. (2011) Rotavirus vaccine and diarrhea mortality: quantifying regional
variation in effect size. BMC Public Health 11 (Suppl. 3): S16.

18

Fuhrimann, S., Winkler, M. S., Stalder, M., Niwagaba, C. B., Babu, M., Kabatereine, N. B., … Nauta, M.
(2016). Disease burden due to gastrointestinal pathogens in a wastewater system in Kampala,
Uganda. Microbial Risk Analysis, 4, 16–28. https://doi.org/10.1016/j.mran.2016.11.003.
Gebru, T., Taha, M., & Kassahun, W. (2014). Risk factors of diarrhoeal disease in under-five children
among health extension model and non-model families in Sheko district rural community,
Southwest Ethiopia: comparative cross-sectional study. BMC Public Health, 14, 395.
https://doi.org/10.1186/1471-2458-14-395.
Global Sanitation Fund – GSF (2017). Eight lessons from Community-led Total Sanitation at scale through
Local Governments in Uganda, 24 pp. Retrieved from
http://www.communityledtotalsanitation.org/sites/communityledtotalsanitation.org/files/8lesson
s_CLTS_Uganda_GSF.pdf.
Hodges, K., & Gill, R. (2010). Infectious diarrhea: Cellular and molecular mechanisms. Gut Microbes, 1,
4–21. https://doi.org/10.4161/gmic.1.1.11036.
Hofstra, N., Bouwman, A. F., Beusen, A. H. W., & Medema, G. J. (2013). Exploring global Cryptosporidium
emissions to surface water. Science of the Total Environment, 442, 10–19.
https://doi.org/10.1016/j.scitotenv.2012.10.013.
Kampala City Council Authority: “WASH in Kampala: Roles and responsibilities of KCCA.” PowerPoint
Presentation. 04 May 2016.
Kampala Fecal Sludge Management Project (2016). Improving On-site Sanitation in Kampala City,
Uganda, Project Launch-Press Release. Retrieved from http://www.kcca.go.ug/uDocs/PressRelease%20Sludge%20Management.pdf.
Katukiza, A.Y., Ronteltap, M., van der Steen, P., Foppen, J.W.A., Lens, P.N.L. (2013). Quantification of
microbial risks to human health caused by waterborne viruses and bacteria in an urban slum. J.
Appl. Microbiol., 116, 447–463.
Kiulia, N. M., Hofstra, N., Vermeulen, L. C., Obara, M. a, Medema, G., & Rose, J. B. (2015). Global
occurrence and emission of rotaviruses to surface waters. Pathogens (Basel, Switzerland), 4, 229–
55. https://doi.org/10.3390/pathogens4020229.
Machdar, E., van der Steen, N.P., Raschid-Sally, L., Lens, P.N.L. (2013). Application of Quantitative
Microbial Risk Assessment to analyze the public health risk from poor drinking water quality in a
low-income area in Accra, Ghana. Sci. Total Environ., 449, 134–142.
Mahassen M.E.D., Waled M.E., Azza M.A., Mohammed K. (2008). Performance Evaluation of a Waste
Stabilization Pond in a Rural Area in Egypt. American Journal of Environmental Sciences, 4, 316-325.
Matthys, B., Tschannen, A.B., Tian-Bi, N.T., Comoé, H., Diabaté, S., Traoré, M., Vounatsou, P., Raso, G.,
Gosoniu, L., Tanner, M., Cissé, G., N’Goran, E.K., Utzinger, J., 2007. Risk factors for Schistosoma
mansoni and hookworm in urban farming communities in western Côte d’Ivoire. Trop. Med. Int.
Health, 12, 709–723.
19

Ministry of Water and Environment (2016). Water and Environment Sector Performance Report,
(October), 290 pp. Retrieved from http://envalert.org/wp-content/uploads/2016/09/SPR2016_final.pdf.
Ministry of Water and Environment (2017). Ministerial Policy Statement – Water and Environment
Sector: Financial Year 2017/2018, 326 pp. Retrieved from
http://www.mwe.go.ug/sites/default/files/library/MPS%20FY%202017-2018.pdf.
Mwenda, J. M., Ntoto, K. M., Abebe, A., Enweronu-Laryea, C., Amina, I., Mchomvu, J., … Steele, A. D.
(2010). Burden and epidemiology of rotavirus diarrhea in selected African countries: preliminary
results from the African Rotavirus Surveillance Network. The Journal of Infectious Diseases, 202
Suppl. (Suppl 1), S5–S11. https://doi.org/10.1086/653557.
Nakawesi, J. S., Wobudeya, E., Ndeezi, G., Mworozi, E. A., & Tumwine, J. K. (2010). Prevalence and
factors associated with rotavirus infection among children admitted with acute diarrhea in Uganda.
BMC Pediatrics, 10, 69. https://doi.org/10.1186/1471-2431-10-69.
Nataro, J. P., Kaper, J. B. (1998). Diarrheagenic Escherichia coli. Clinical Microbiology Reviews, 11, 142–
201.
National Water and Sewerage Corporation (2015). Infrastructure Service Delivery (ISDP) and Water
Supply Stabilisation Programme (WSSP). Retrieved from
https://www.nwsc.co.ug/files/isdps_wssp%202014_2015/nwsc_isdp_2015_-2016_final_final.pdf.
National Water and Sewerage Corporation (2016). Five Year Strategic Direction, 32 pp. Retrieved from
https://www.nwsc.co.ug/files/Strategic%20Direction/NWSC_5yr_Strategic_Direction_20162021.pdf
NWSC (2016). Five Year Strategic Direction. National Water and Sewerage Corporation, 1–32.
Rodrigues, J., Acosta, V. C., Candeias, J. M. G., Souza, L. O., & Filho, F. J. C. (2002). Prevalence of
diarrheagenic Escherichia coli and rotavirus among children from Botucatu, São Paulo Paulo State,
Brazil. Brazilian Journal of Medical and Biological Research, 35, 1311–1318.
https://doi.org/10.1590/S0100-879X2002001100008.
Rowe DR, Abdel-Magid IM (1995). Handbook of Wastewater Reclamation and Reuse. CRC Press.
Savageau MA. (1983). Escherichia coli habitats, cell types, and molecular mechanisms of gene control.
The American Naturalist, 122, 732–744. http://doi.org/10.1086/284168.
Sigei, C., Odaga, J., Mvundura, M., Madrid, Y., Clark, A. D., Mutie, D., … Ruhambarama, J. (2015). Costeffectiveness of rotavirus vaccination in Kenya and Uganda. Vaccine, 33, A109–A118.
https://doi.org/10.1016/j.vaccine.2014.12.079.
Uganda Bureau of Statistics (2014). National Population and Housing Census Report, 73 pp. Retrieved
from

20

http://www.ubos.org/onlinefiles/uploads/ubos/NPHC/2014%20National%20Census%20Main%20R
eport.pdf.
Uganda Sanitation Fund Progress Report – USF (2015), 6 pp. Retrieved from http://wsscc.org/wpcontent/uploads/2015/08/GSF-Uganda-6pp-HiRes-EN.pdf
United Nations Development Programme (2016). Human Development Report 2016.
https://doi.org/eISBN: 978-92-1-060036-1
Vermeulen, L. C., De Kraker, J., Hofstra, N., Kroeze, C., & Medema, G. J. (2015). Modelling the impact of
sanitation, population and urbanization estimates on human emissions of Cryptosporidium to
surface waters – a case study for Bangladesh and India. Environmental Research Letters, 10, 94017.
https://doi.org/10.1088/1748-9326/10/9/094017.
Water and Sanitation Development Facilities (2017). Ministry of Water and Environment WSDF Brief, 3
pp. Retrieved from http://www.mwe.go.ug/sites/default/files/library/WSDFSouthWest%20Brief.pdf.
WHO/UNICEF JMP (2015). 2015 Update and MDG Assessment. World Health Organization, 90.
Williams, A. R., & Overbo, A. (2015). Unsafe return of human excreta to the environment: a literature
review.
World Bank (2010). Uganda Environmental Sanitation: Addressing Institutional and Financial Challenges.
Kampala.
World Bank (2015). Health Nutrition and Population Statistics: Population estimates and projections,
HealthStats, World Bank Group.
World Health Organization (2008). Rotavirus deaths, under 5 years of age, as of 31 January 2012.
World Health Organization. Generic protocols for (i) hospital-based surveillance to estimate the burden
of rotavirus gastroenteritis in children and (ii) a community-based survey on utilization of health
care services for gastroenteritis in children: Field test version. 2002.

21

APPENDICES
A1

GloWPa-Rota H1 model

A1.1

Model representation

Figure A1: Rotavirus and E. coli emission pathways (modified from Hofstra et al. (2013))

A1.2

Calculations

An adapted model in Kiulia et al., 2015 of the original GloWPa-Crypto H1 model (Global Water Pathogen
Model for human Cryptosporidium emissions) by Hofstra et al. (2013) was used to estimate human RV and
EC emissions. Emissions were grouped into four categories: connected, direct, diffuse and non-source
(Figure A1). Septic tanks and pit latrines were considered as non-sources, like accounts in Hofstra et al.
(2013), Vermeulen et al. (2015) and Kiulia et al. (2015). The model estimates average total daily viral
particles at any given time in a year for RV and an average total daily CFU at any moment in year for EC
for all districts in Uganda. Calculations were dependent on urban and rural populations, broad agegrouping, sanitation types and coverage, wastewater treatment, RV and EC incidence and RV and EC
excretion rates.
From Figure A1, emission categories and assumptions are defined as follows:
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i.

ii.
iii.
iv.

Connected emissions: feces from the population connected to sewerage systems with or without
wastewater treatment in urban and rural areas. Based on literature, different removal efficacies of
RV and EC were assumed for wastewater treatment for the distinct types and stages;
Direct emissions: feces from the population without sanitation facilities or use hanging toilets or
unknown/elsewhere in urban and rural areas form direct sources of pathogens;
Diffuse emissions: feces from the population in rural areas who practice open defecation or
unknown/elsewhere will likely reach surface water; and
Non-source emissions: feces from the population using septic tanks and pit latrines in urban and
rural areas. Feces are safely contained, and with die-off during long periods of storage, no
pathogens will reach surface water. Additionally, there are no known routes for safe waste disposal.

Total district emissions to surface water (H) is calculated from the base equation:
𝐻 = 𝑃𝑑𝑖𝑠𝑡𝑟. 𝑥 𝑓𝑠𝑎𝑛 𝑥 (𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥 𝑥 𝑓𝑛𝑟

(8)

Where: 𝑃𝑑𝑖𝑠𝑡𝑟. is the population of the district, 𝑓𝑠𝑎𝑛 is the fraction of the population using a sanitation
under the emissions categories, (𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥 is the RV and EC excretion rate and 𝑓𝑛𝑟 the fraction of RV
and EC that is not removed by wastewater treatment.
Total district RV and EC emissions (H) from each category is calculated as follows:
𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 − 𝑢𝑟𝑏𝑎𝑛 (𝐶𝐸𝑢 ) = 𝑃𝑢 𝑥 𝑓𝑎𝑔𝑒 𝑥 𝑓𝑐𝑢 𝑥 (𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥 𝑥 (1 − 𝑓𝑟𝑒𝑚 )

(9)

𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 − 𝑟𝑢𝑟𝑎𝑙 (𝐶𝐸𝑟 ) = 𝑃𝑟 𝑥 𝑓𝑎𝑔𝑒 𝑥 𝑓𝑐𝑟 𝑥 (𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥 𝑥 (1 − 𝑓𝑟𝑒𝑚 )

(10)

𝐷𝑖𝑟𝑒𝑐𝑡 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 − 𝑢𝑟𝑏𝑎𝑛 (𝐷𝐸𝑢 ) = 𝑃𝑢 𝑥 𝑓𝑎𝑔𝑒 𝑥 𝑓𝑑𝑢 𝑥 (𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥

(11)

𝐷𝑖𝑟𝑒𝑐𝑡 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 − 𝑟𝑢𝑟𝑎𝑙 (𝐷𝐸𝑟 ) = 𝑃𝑟 𝑥 𝑓𝑎𝑔𝑒 𝑥 𝑓𝑑𝑟 𝑥 (𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥

(12)

𝐷𝑖𝑓𝑓𝑢𝑠𝑒 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 − 𝑟𝑢𝑟𝑎𝑙 (𝐷𝑖𝑓𝐸𝑟 ) = 𝑃𝑟 𝑥 𝑓𝑎𝑔𝑒 𝑥 𝑓𝑑𝑖𝑓𝑟 𝑥 (𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥 𝑥 𝑓𝑟𝑢𝑛

(13)

𝑇𝑜𝑡𝑎𝑙 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠(𝐻) = 𝐶𝐸𝑢 + 𝐶𝐸𝑟 + 𝐷𝐸𝑢 + 𝐷𝐸𝑟 + 𝐷𝑖𝑓𝐸𝑟

(14)

Respectively:
▪ 𝑃𝑢 and 𝑃𝑟 are the total urban and rural populations for each district in Uganda
▪ 𝑓𝑎𝑔𝑒 is the fraction of the district population under the ages: <5, 5-14, 15-24 & 25+
▪ (𝑅𝑉 𝑜𝑟 𝐸𝐶)𝑒𝑥 is the excretion rate of rotavirus (RV) or E. coli (EC) per person per year. From
literature, an average excretion rate was calculated for all the age groups: <5, 5-14, 15-24 & 25+;
computed as prevalence or infection rate of RV and EC (country) x excretion rate of RV and EC per
infected person. The method in Kiulia et al. (2015) uses different excretion rates for the different
age groups
▪ 𝑓𝑐𝑢 and 𝑓𝑐𝑟 are the fractions of urban and rural populations connected to sewers in the district
▪ 𝑓𝑑𝑢 and 𝑓𝑑𝑟 are the fractions of urban and rural populations for direct emission in each district
▪ 𝑓𝑑𝑖𝑓𝑟 is the fraction of the rural population without sanitation facilities in any district. This forms
the diffuse emissions
▪ 𝑓𝑟𝑢𝑛 is the fraction of feces transported with runoff from land to surface water, assumed to be
the same as that for animal manure immobilization: 0.025 (Ferguson et al., 2007)
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▪ 𝑓𝑟𝑒𝑚 is the fraction of removal by wastewater treatment for each of RV and EC. It is computed for
each type and stage of wastewater treatment as:
𝑓𝑟𝑒𝑚 = 𝑓𝐶𝑃𝑡 𝑥 𝑅𝐸𝐶𝑃𝑡 + 𝑓𝐶𝑆𝑡 𝑥 𝑅𝐸𝐶𝑆𝑡 + 𝑓𝐶𝑇𝑡 𝑥 𝑅𝐸𝐶𝑇𝑡 + 𝑓𝑊𝑆𝑃 𝑥 𝑅𝐸𝑊𝑆𝑃

(15)

Where: 𝑓𝐶𝑃𝑡 , 𝑓𝐶𝑆𝑡 , and 𝑓𝐶𝑇𝑡 are the fractions of conventional wastewater treatment plants that
have primary, secondary and tertiary stages with their corresponding RV and EC removal
efficiencies 𝑅𝐸𝐶𝑃𝑡 , 𝑅𝐸𝐶𝑆𝑡 and 𝑅𝐸𝐶𝑇𝑡 respectively. While 𝑓𝑊𝑆𝑃 and 𝑅𝐸𝑊𝑆𝑃 are the fractions of
wastewater stabilization ponds with their respective RV and EC removal efficiencies.
Following Kiulia et al. (2015), a nappy correction factor was used to account for emissions from baby
nappies. For Uganda (developing countries) with a Human Development Index (HDI) of 0.493 (lower than
0.785) (UNDP, 2016), an assumption was made that half of the children before 2.5 years who live in
households connected to sewers wear nappies. Therefore, two new equations account for total RV and
EC emissions (𝐻 = 𝐻<5 + 𝐻𝑎𝑔𝑒 ) for the different age groups as indicated below:
𝐻<5 =

𝐶𝐸𝑢,<5
2

+

𝐶𝐸𝑟,<5
2

+ 𝐷𝐸𝑢,<5 + 𝐷𝐸𝑟,<5 + 𝐷𝑖𝑓𝐸𝑟,<5

(16)

𝐻𝑎𝑔𝑒 = 𝐶𝐸𝑢,𝑎𝑔𝑒 + 𝐶𝐸𝑟,𝑎𝑔𝑒 + 𝐷𝐸𝑢,𝑎𝑔𝑒 + 𝐷𝐸𝑟,𝑎𝑔𝑒 + 𝐷𝑖𝑓𝐸𝑟,𝑎𝑔𝑒 (for age groups 5 − 14, 15 −
24 & 25+)
(17)
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A2

KlaWPaH1 model: WMC emissions to surface water for Kampala

A2.1

Kampala’s shit flow balance

Figure A2: Kampala City Council Authority Shit Flow diagram (source: KCCA’s desk based study: KCCA (2016))
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A2.2

Model representation

Figure A3: KlaWPaH1 Model: Shit flow representation for Kampala (adapted from KCCA, 2016)
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A3

Sensitivity analysis results for the KlaWPa-Rota H1 model

Table A1: Percentage change in RV emissions for the KlaWPa-Rota H1 model for the different combination of parameter values
(See Table 4 for value descriptions: V1, V2, V3)
Excretion vs Infection rates
V1+V1: low excretion vs half
incidence in <5, standard
incidence in others
Offsite
-99

V1+V2: low excretion vs half incidence in
<5, high incidence in others
Offsite

-85

V1+V3: low excretion vs high
incidence in <5, high incidence in
others
Offsite
-85

Onsite-contained

-99

Onsite-contained

-88

Onsite-contained

-88

Onsite-notcontained
Open defecation

-99

Onsite-not-contained

-88

-88

-99

Open defecation

-88

Onsite-notcontained
Open defecation

<5

-100

<5

-100

<5

-98

others

-99

others

-80

others

-80

-88

V2+V1: standard excretion vs low
incidence in <5, standard
incidence in others
Offsite
-13

V2+V2: standard excretion vs half
incidence in <5, high incidence in others
Offsite

1374

V2+V3: standard excretion vs high
incidence in <5, high incidence in
others
Offsite
1414

Onsite-contained

-21

Onsite-contained

1071

Onsite-contained

1135

Onsite-notcontained
Open defecation

-21

Onsite-not-contained

1071

1135

-21

Open defecation

1071

Onsite-notcontained
Open defecation

<5

-50

<5

-50

<5

100

others

0

others

1900

others

1900

1135

V3+V1: high excretion vs half
incidence in <5, standard
incidence in others
Offsite
8551

V3+V2: high excretion vs half incidence in
<5, high incidence in others
Offsite

147299

V3+V3: high excretion vs high
incidence in <5, high incidence in
others
Offsite
151345

Onsite-contained

7776

Onsite-contained

117047

Onsite-contained

123421

Onsite-notcontained
Open defecation

7776

Onsite-not-contained

117047

123421

7776

Open defecation

117047

Onsite-notcontained
Open defecation

<5

4900

<5

4900

<5

19900

others

9900

others

199900

others

199900

123421

Fraction of treatment systems vs removal efficiencies
V1+V1: low CWWTPs, more WSPs
vs low removal
Offsite
8

V1+V2: low CWWTPs, more WSPs vs
average removal
Offsite
6

V1+V3: low CWWTPs, more WSPs vs
high removal
Offsite
1

Onsite-contained

258

Onsite-contained

197

Onsite-contained

15

Onsite-notcontained
Open defecation

32

Onsite-not-contained

25

2

0

Open defecation

0

Onsite-notcontained
Open defecation

<5

49

<5

37

<5

3

others

44

others

33

others

3

0
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Sensitivity analysis results continued:
V2+V1: medium coverage for
other treatment types, high
tertiary treatment vs low removal
Offsite
8

V2+V2: medium coverage for other
treatment types, high tertiary treatment vs
medium removal
Offsite
6

V2+V3: medium coverage for other
treatment types, high tertiary
treatment vs high removal
Offsite
1

Onsite-contained

258

Onsite-contained

197

Onsite-contained

17

Onsite-notcontained
Open defecation

32

Onsite-not-contained

25

2

0

Open defecation

0

Onsite-notcontained
Open defecation

<5

49

<5

37

<5

3

others

44

others

33

others

3

0

V3+V1: low WSPs, high primary &
secondary, low tertiary treatment
vs low removal
Offsite
8

V3+V2: low WSPs, high primary &
secondary, low tertiary treatment vs
medium removal
Offsite
6

V3+V3: low WSPs, high primary &
secondary, low tertiary treatment vs
high removal
Offsite
1

Onsite-contained

258

Onsite-contained

197

Onsite-contained

21

Onsite-notcontained
Open defecation

32

Onsite-not-contained

25

3

0

Open defecation

0

Onsite-notcontained
Open defecation

<5

49

<5

37

<5

4

others

44

others

33

others

3

0
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