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Core Ideas 12 
Rotavirus and E. coli emissions from sanitation facilities reach surface water. 13 

Using modeling and scenario analysis, we simulated these emissions for Uganda. 14 
High-emission areas are Kampala and other urban areas. 15 

A new model including onsite sanitation shows higher emissions in Kampala. 16 
Future emissions are reducible through sanitation planning. 17 

ABSTRACT 18 
Rotavirus (RV) and diarrheagenic Escherichia coli are waterborne pathogens commonly causing diarrhea in 19 

children below five years old worldwide. Our study is a first step toward a loads–concentrations–risk modeling and 20 
scenario analysis framework. We analyzed current and future human RV and indicator E. coli (EC) emissions from 21 
sanitation facilities to surface waters in Uganda using two process-based models. Emissions were estimated for the 22 
baseline year 2015 and for three scenarios in 2030 using population, excretion rates, sanitation types, and 23 
wastewater treatment. The first model is a downscaled GloWPa-Rota H1 version, producing emissions at a 1-km2 24 
resolution. The second model is newly developed for Kampala and adds emissions from pit latrines and septic tanks 25 
excluded in the first model. The scenarios Business as Usual, Industrious, and Low Emissions reflect government 26 
prospects in sanitation coverage and wastewater treatment. For the first model, 6.14 × 1014 RV particles d−1 and 1.31 27 
× 1012 EC colony-forming units (CFU) d−1 are emitted to surface waters in 2015. The RV emissions are expected to 28 
increase in 2030 by 75% for Business as Usual and 212% for Industrious and decrease by 58% in Low Emissions. 29 
Emissions from the second model are higher for Kampala than in the first model, at 3.74 × 1014 vs. 5.95 × 1013 RV 30 
particles d−1 and 8.18 × 1011 vs. 1.75 × 1011 EC CFU d−1 in 2015, most of which come from the onsite-not-contained 31 
category. Simulated emissions for Kampala show the importance of including onsite sanitation in our modeling. Our 32 
study is replicable in other locations and helps identify key emission sources, their hotspots, and the importance of 33 
wastewater treatment. The scenarios can guide future sanitation safety planning. 34 
Rotavirus (RV) and diarrheagenic Escherichia coli (DEC) are among the common causes of 35 
pediatric diarrhea worldwide (Nataro and Kaper, 1998; Rodrigues et al., 2002). These 36 
waterborne pathogens kill about 1.5 million children annually due to gastroenteritis and 37 
dysentery (Hodges and Gill, 2010). Group A RV particularly causes acute gastroenteritis in 38 
children under five years old (Rodrigues et al., 2002), and any infected person excretes 1010 to 39 
1012 RV particles per gram of feces (Bishop, 1996). Nataro and Kaper (1998) showed that DEC 40 
is differentiated from commensal E. coli (EC) by serotyping, biochemical reactions, virulence 41 
screening, diarrhea symptoms, and patient age. Escherichia coli is a thermotolerant coliform 42 
known to indicate fecal contamination from warm-blooded animals. Humans maintain a density 43 
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of 106 to 109 EC colony-forming units (CFU) per gram of feces (Savageau, 1983). We focused 44 
on EC in our study rather than DEC, due to limited data on DEC excretion and incidence rates. 45 
Contaminated water, food, and person-to-person contact are known pathways for RV and EC 46 
transmission, via the fecal–oral route (Cáceres et al., 1998). Human emissions of RV and EC 47 
reach surface water through open defecation, poor fecal sludge disposal, and partially treated 48 
wastewater effluent (Williams and Overbo, 2015). 49 

In many African countries, RV and DEC cause more than half of the gastrointestinal disease 50 
burden (Katukiza et al., 2013; Machdar et al., 2013; Mwenda et al., 2010). Our study focuses on 51 
Uganda as a representative sub-Saharan country. In Uganda, approximately 7.3% of deaths 52 
overall are due to RV infections among children under five years old, and 33 to 45% of all 53 
hospitalized cases of diarrhea each year are due to RV (Bwogi et al., 2016; Mwenda et al., 2010; 54 
Nakawesi et al., 2010; Sigei et al., 2015). Unlike rural areas, urban centers are emission hotspots 55 
characterized by poor sanitation and constant outbreaks of gastrointestinal infections from 56 
bacteria, viruses, protozoa, and helminths (Matthys et al., 2007). An epidemiological study done 57 
in Kampala, Uganda’s capital, estimated diarrheal disease burden from exposure to wastewater 58 
pathogens at 304.3 disability-adjusted life years (DALYs), with 59,493 total disease episodes per 59 
year (Fuhrimann et al., 2016). The diarrheal disease burden for Kampala was developed in a 60 
quantitative microbial risk assessment using observational data of waterborne microorganism 61 
concentrations in the surface waters and assumed relations between the observed 62 
microorganisms and the pathogens relevant for the disease burden (Fuhrimann et al., 2016). 63 

To better understand the disease burden elsewhere and to study the impact of population 64 
growth, socioeconomic development, and sanitation changes on the disease burden, more 65 
observational data would be required. Observational microorganism and pathogen concentration 66 
data are often sparse. However, integrating environmental loads modeling with hydrology could 67 
enable the simulation of waterborne pathogen concentrations. These simulated concentrations 68 
can then be used in quantitative microbial risk assessments to determine health risks and burden 69 
of disease and to identify high burden areas (hotspots). Additionally, this modeling framework 70 
can be used to better understand the impact of management implications, such as improved 71 
wastewater treatment, and enable scenario analysis of future changes to the burden of disease 72 
due to waterborne pathogens like RV and DEC. Such a modeling framework contributes to the 73 
better understanding required for achieving the United Nations Sustainable Development Goals 74 
(United Nations, 2015). 75 

As a first step in developing a loads–concentrations–risk–burden of disease framework, a 76 
loads model should be developed to estimate the emissions of RV and EC to surface water. An 77 
example of such a model at the global scale is the Global Waterborne Pathogen model for human 78 
RV emissions, version 1 (GloWPa-Rota H1; Kiulia et al., 2015), which has been applied to India 79 
and Bangladesh for Cryptosporidium (Vermeulen et al., 2015). However, such a model has not 80 
been applied to African countries. In our study, the GloWPa-Rota H1 model (herein written as 81 
GloWPa-H1) was downscaled to study RV and EC emissions from various sanitation systems to 82 
surface water in Uganda. The GloWPa-H1 model excludes emissions from pit latrines and septic 83 
tanks, yet a large proportion of Uganda’s population uses onsite sanitation systems. Williams and 84 
Overbo (2015) showed that not all feces from onsite sanitation are safely contained, as was 85 
assumed for the GloWPa-H1 model. Therefore, we developed the new Kampala Waterborne 86 
Pathogen model for human RV and EC emissions (KlaWPa-H1) (see section “A New Approach: 87 
The KlaWPa-H1 Model” below) that includes pit latrine and septic tank emissions into the loads, 88 
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using a shit flow diagram (SFD) (Schoebitz et al., 2016). Due to lack of nationwide data, the 89 
KlaWPa-H1 model was developed for Kampala only. The SFD used estimates emissions to the 90 
environment instead of the surface water. Thus, while the GloWPa-H1 model is expected to 91 
produce low-end loads, the KlaWPa-H1 model is expected to produce higher loads to the surface 92 
water. 93 

The objective of our study was to analyze current and future RV and EC emissions to the 94 
surface water using the GloWPa-H1 and KlaWPa-H1 models, to understand the contribution of 95 
onsite sanitation systems as a proportion of the total emissions and to evaluate opportunities to 96 
model emissions at country scale. We applied the models to Uganda and Kampala respectively, 97 
as an example of a country and a city where a large share of the population uses onsite sanitation. 98 
This approach can be applied elsewhere because both models use generic input data available in 99 
other countries. 100 

METHODS 101 

Two models were used to estimate RV and EC emissions for the study areas, Uganda and 102 
Kampala, for the baseline year 2015 and for different sanitation management scenarios in 2030. 103 

Study Area 104 
The GloWPa-H1 model was applied to Uganda, whereas the KlaWPa-H1 model was 105 

developed for Kampala. Covering a total surface area of 241,551 km2, Uganda is located astride 106 
the equator in East Africa. In the 2014 national census, the country’s population was estimated to 107 
be 34.6 million persons. Uganda has 111 administrative districts with one city. Kampala is the 108 
most populous urban center, with a population of over 1.5 million persons (UBOS, 2014). 109 

Uganda failed to meet the 2015 millennium development goals target for access to improved 110 
sanitation (WHO/UNICEF, 2015), with only 29% of the urban and 17% of the rural populations 111 
having access to improved sanitation. Between 1990 and 2015, Uganda added other unimproved 112 
sanitation facilities, while open defecation remained in rural areas. The Ministry of Water and 113 
Environment data for coverage of onsite facilities is relatively higher, at over 90%, because 114 
shared facilities are included (MWE, 2016). Moreover, only a few urban areas are connected to 115 
sewers, with a coverage of 7% (1% nationwide). With an annual urbanization of 5% (World 116 
Bank, 2015), sanitation infrastructure has not matched urban population growth, making 117 
sanitation challenges more prevalent, mainly for the poor people in urban areas. 118 

Adequate wastewater treatment has high removal efficiency for both RV and EC (Williams 119 
and Overbo, 2015). Uganda uses more wastewater stabilization ponds (WSPs) than conventional 120 
wastewater treatment plants (CWTPs), with the latter installed up to the secondary stage. 121 
Multistage WSPs can remove up to 99% of RV particles through anaerobic, facultative, and 122 
maturation ponds. Both CWTPs and WSPs remove 95 to 99% of viruses and bacteria through 123 
multiple stages (Fair et al., 1970; Ghazy et al., 2008; Rowe and Abdel-Magid, 1995; Williams 124 
and Overbo, 2015). However, adequate wastewater treatment is lacking in the country and is 125 
heightened by low fecal sludge collection. Extensive use of onsite facilities (pit latrines) and the 126 
low return on investment of sewers limit sewerage expansion (Fuhrimann et al., 2016; MWE, 127 
2016; NWSC, 2016; World Bank, 2010). Still, the government-owned water and wastewater 128 
utility, National Water and Sewerage Corporation (NWSC), plans to increase coverage from 7 to 129 
30% in operational districts by 2021 (NWSC, 2016). 130 
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The GloWPa-H1 Model 131 
We used the GloWPa-Rota H1 model (Kiulia et al., 2015) and a replicate GloWPa-Ecoli H1 132 

model to estimate respective human RV and EC emissions to surface water. The GloWPa-H1 133 
model was applied at a denser resolution than the standard 0.5 × 0.5° latitude × longitude. Three 134 
emission categories are identified: (i) connected emissions from sewerage reaching surface water 135 
directly or after treatment, (ii) direct emissions from the population with hanging toilets and the 136 
urban population practicing open defecation, and (iii) diffuse emissions from the rural population 137 
practicing open defecation. In the GloWPa-H1 model, pit latrines and septic tanks are non-138 
sources of emissions because feces were assumedly safely contained and with die-off over long-139 
term storage meaning that no pathogens reach the surface water. Calculations depend on RV and 140 
EC incidence and excretion rates, district urban and rural population data, age-grouping, 141 
sanitation types and coverage, and wastewater treatment. Unlike in Kiulia et al. (2015), our 142 
account of the model computes emissions from both CWTPs and WSPs considering treated 143 
waste fractions, removal efficacies, and nontreatment. The model estimates average daily total 144 
RV particles and EC CFU for each district. Per capita emissions from the urban and rural 145 
population were distributed on a LandScan2010 (adjusted to 2015) population density map 146 
(Bright et al., 2011), at a 0.5-min resolution (0.00833 × 0.00833° latitude × longitude, 147 
approximately 1-km2 grids). Table 1 lists parameters and values for baseline conditions and 148 
scenarios. Table 2 provides values for the population and country averages for sanitation and 149 
wastewater treatment fractions. 150 

A New Approach: The KlaWPa-H1 Model 151 
The GloWPa-H1 model excludes pit latrines and septic tanks emissions, consequently 152 

producing low-end emissions since feces from pit latrines and septic tanks often end up in the 153 
surface water (Williams and Overbo, 2015). Therefore, we developed a new model, the Kampala 154 
Water Pathogens model for human RV and EC emissions (KlaWPa-H1), to add those emissions. 155 
Using a different approach, the KlaWPa-H1 exploits SFD data for Kampala (Schoebitz et al., 156 
2016). The SFD identifies safely and unsafely managed waste fractions during containment, 157 
emptying, transport, and treatment. Sanitation types were grouped into sewerage (offsite), fecal 158 
sludge contained onsite (onsite-contained), fecal sludge not contained onsite (onsite-not-159 
contained), and open defecation (Table 3). Like the GlowPa-H1 model, the KlaWPa-H1 model 160 
uses RV and EC excretion, incidence rates, and removal efficiencies during wastewater treatment 161 
(Table 1). While unable to identify where the unsafely managed waste ends up, we assumed that 162 
all unsafely managed wastewater reaches the surface water. However, this should be a high-end 163 
estimation since feces may be spread on land or enter groundwater instead. Emissions for the 164 
KlaWPa-H1 model are average daily total emissions for Kampala, approximately for the year 165 
2015. The model’s equations are provided in Supplemental Material 1. 166 

Sensitivity Analysis 167 
A sensitivity analysis was performed for the GloWPa-H1 model in Vermeulen et al. (2015). 168 

The study investigated how modeled output varies with changes in 10 input variables, with each 169 
variable taking up to three values. In the current study, we conducted a sensitivity analysis for 170 
the KlaWPa-H1 model following the approach in Vermeulen et al. (2015). We studied how 171 
modeled RV emissions output varied with changes in input variables. These variables include 172 
RV incidences for children under five years old and for others versus RV excretion rates, and 173 
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proportions of Kampala’s treated fecal waste versus treatment type and removal stage efficacies. 174 
A total of 18 runs were made for each pair of parameters in different combinations. Values were 175 
assorted into low, medium, or high compared with the standard run. 176 

Scenario Analysis 177 
We developed future management scenarios for RV and EC emissions of the GloWPa-H1 178 

and KlaWPa-H1 models from three actor-based strategies: (i) the Ministry of Water and 179 
Environment sector development plan for the financial year 2019–2020 (MWE, 2016, 2017) to 180 
increase onsite sanitation coverage and reach 100% coverage in small towns and rural growth 181 
areas, and the Ministry of Health’s Uganda Sanitation Fund Program to improve access to basic 182 
onsite sanitation, promote household hygiene, and end open defecation (Global Sanitation Fund, 183 
2017); (ii) NWSC’s 5-yr plan to improve sewer coverage from 7 to 30% in their districts of 184 
operation between 2016 and 2021 (NWSC, 2016) and comply with treatment effluent discharge 185 
standards; and (iii) the UN 2015 SDG resolution 6.3 on halving untreated wastewater by 2030 186 
(United Nations, 2015). Table 2 shows baseline conditions (BS) in 2015 and scenario 187 
descriptions for 2030: S1 is “Business as Usual,” S2 is “Industrious,” and S3 is “Low 188 
Emissions.” Changes in population, sanitation, and wastewater treatment are developed based on 189 
the actor-based strategies. These changes include population growth, increased urban and rural 190 
coverage of improved sanitation, RV and EC treatment removal efficiency, and addition of 191 
tertiary treatment to CWTPs. We adjusted the LandScan2010 gridded data to scenario urban and 192 
rural population projections for 2030 to enable production of emission maps for the GloWPa-H1 193 
model. In both models, our main assumptions concern S3. Instead of NWSC’s 30% target in 194 
2021, we use a 20% sewerage coverage in 2030 because (i) NWSC’s 6-yr growth trend has 195 
remained at 6.5% since 2011 and (ii) the 20% coverage appears more feasible for 2030 than 196 
NWSC’s 30% for 2021. Other assumptions are that in 2030 urban and rural grids remain urban 197 
or rural, respectively, that all gridded district populations grow at equal proportions from the 198 
baseline, that the wastewater treatment efficiency for the different stages is not improved, and 199 
that a zero-mobilization potential is used for the onsite-contained and not emptied category. 200 

RESULTS 201 

Sensitivity Analysis 202 
In Vermeulen et al. (2015), the most sensitive parameters were excretion and incidence of 203 

Cryptosporidium in the study populations, producing up to a 20-fold increase in emissions, with 204 
a 1 log10 increase in excretion and doubling of incidence rates. Similarly, the most sensitive 205 
parameters in the KlaWPa-H1 model were RV excretion and infection rates. Doubling the 206 
incidence in children under five years old to 48%, increasing the incidence in others to 10%, and 207 
raising the excretion rate to 1 × 1012 particles per capita increases RV emissions from the 208 
standard 14.57 log10 particles d−1 to 17.30 log10 particles d−1. This is equivalent to a 2 log10 209 
increase from excretion and 0.73 log increase from incidence. Increasing the fractions of treated 210 
waste versus high corresponding removal efficacies produced a smaller log reduction (0.1 log10). 211 
KlaWPa-H1’s sensitivity analysis results are provided in Supplemental Material 2. 212 
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GloWPa-H1 Results 213 

In 2015, average daily total emissions to surface water were estimated at 6.18 × 1014 RV 214 
particles and 1.31 × 1012 EC CFU. Urban emissions were 88 and 89% of total emissions for RV 215 
and EC, respectively. Children under five years contributed 82% to the RV emissions total, 216 
despite being only 18% of the population. As in Kiulia et al. (2015), high infection rates in 217 
children under five years old (Table 1) led to increased RV shedding. On the contrary, total EC 218 
emissions from children under five years are only proportional to their population size because 219 
we used the same incidence for all ages. Spatial emissions show the same areas with high 220 
emissions (hotspots) for RV (Fig. 1, a1) and EC (Fig. 1, a2). Densely populated urban areas in 221 
the districts of Kampala, Wakiso, Masaka, Gulu, Arua, Kitgum, Buikwe, Iganga, and Jinja are 222 
emission hotspots, with averages of 2.11 × 1013 RV particles d−1 and 4.94 × 1010 EC CFU d−1. 223 
Low emission districts are Rubirizi, Buhweju, Moyo, Mitooma, and Kaberamaido, with averages 224 
of 4.72 × 1011 RV particles d−1 and 9.03 × 108 EC CFU d−1. 225 

For BS, direct RV and EC emissions were 74 and 69% of the totals, respectively, in 2015 226 
(Fig. 2). Direct emissions were from a smaller urban population, that is, 15% of the 2015 227 
national population. Connected RV emissions accounted for 14%, whereas diffuse emissions 228 
were 12% of the total. Connected EC emissions were 20%, and diffuse EC emissions 11%. 229 
Uganda has only 18 towns with wastewater collection and treatment facilities, serving 7% of the 230 
population, but which averages to just 1% nationwide (Table 2). Low sewerage coverage 231 
justifies the limited share of connected RV and EC emissions, with Kampala, Wakiso, Jinja, 232 
Mbale, and Mbarara as hotspots. Districts with the highest open defecation emissions were Arua, 233 
Kotido, Mayuge, Kamuli, Kaabong, and Kibaale. Those emissions come from their large rural 234 
populations. 235 

In 2030, the total population is expected to rise by 57%, with 80% being rural and 20% 236 
urban. Across scenarios, urban RV and EC emissions are higher than rural emissions, originating 237 
from connected and direct sources. For S1, RV emissions will increase by 75% to 1.08 × 1015 238 
particles d−1, whereas EC emissions rise by 91% to 2.50 × 1012 CFU d−1. Kampala and other 239 
densely populated districts remain emission hotspots (Fig. 1, b1 and b3). Despite an increase in 240 
total emissions, percentage shares from connected, direct, and diffuse emissions are almost equal 241 
to BS (Fig. 2). At 80%, urban direct emissions are higher than connected urban (11%) or diffuse 242 
rural emissions (9%). Compared with BS, RV emissions will rise by 46% in connected, 87% in 243 
direct, and 33% in diffuse sources. The EC emissions will also increase by 60% (connected), 244 
107% (direct), and 47% (diffuse) (Fig. 3). All changes in S1 are solely caused by an increased 245 
population in 2030, since sanitation coverage, wastewater treatment, and open defecation are 246 
limited to BS levels. 247 

Total emissions are highest in S2 compared with all other scenarios, with 1.93 × 1015 RV 248 
particles d−1 and 5.63 × 1012 EC CFU d−1. Gridded emissions in c1 and c3 of Fig. 1, are also at 249 
their peaks. Compared with BS, emissions in S2 will rise by 212% for RV and 330% for EC. 250 
Connected emissions are the largest, at 61% (RV) and 71% (EC), followed by direct emissions 251 
with 35% (RV) and 26% (EC) and diffuse emissions at 4% (RV) and 3% (EC) (Fig. 2). 252 
Connected RV emissions will increase drastically by 1308%, direct emissions by 48%, and 253 
diffuse emissions by 1% (Fig. 3). Both connected and diffuse EC emissions will rise by 1447% 254 
and 64% respectively, and direct emissions by 47% (Fig. 3). The overwhelming rise in connected 255 
RV and EC emissions is because 50% of the population in the urban and 10% in rural areas of all 256 
districts are connected to sewers (Table 2). More feces are mobilized to treatment plants, unlike 257 
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in BS, S1, or S3. The assumed 50% of feces going to primary treatment and 30% to secondary 258 
treatment are insufficient to reduce emissions. Only 4% (RV) and 3% (EC) of the total emissions 259 
are from open defecation, contributed by 15% of the total population in 2030 (Table 2, Fig. 2). 260 

S3 has the lowest total emissions of 2.57 × 1014 RV particles d−1 and 8.44 × 1011 EC CFU 261 
d−1. Compared with BS, total emissions could be expected to fall by 58% (RV) and 36% (EC) by 262 
2030. Direct emissions are eliminated, leaving connected emissions at 91% (RV) and 94% (EC) 263 
and diffuse emissions at 9% (RV) and 6% (EC) (Fig. 2). Connected emissions reaching surface 264 
water are expected to increase by 180% (RV) and 207% (EC) (Fig. 3) because the total 265 
population connected to sewers is higher in S3 than in BS. For both microorganisms, direct 266 
emissions are nonexistent because all urban households have sanitation facilities. Diffuse RV 267 
and EC emissions are reduced by 66% each because only 5% of the country’s population 268 
practices open defecation (Table 2, Fig. 3). Emissions in Fig. 1 (d1 and d3) are lowest throughout 269 
the country, with negative differences (Fig. 1, d2 and d4) in most districts. A large share of the 270 
non-source population (with pit latrines and septic tanks) (Table 2) and eradicated direct or 271 
diffuse sources results in reduced emissions, while the large sewered population of Kampala 272 
remains a key hotspot (Fig. 1, d1 and d3). 273 

KlaWPa-H1 Results 274 
The KlaWPa-H1 model revealed emissions from pit latrines and septic tanks ignored in the 275 

GloWPa-H1 model using Kampala’s excreta-flow data. The KlaWPa-H1 model simulates a total 276 
of 3.74 × 1014 RV particles d−1 and 8.18 × 1011 EC CFU d−1 reaching the surface water in 277 
Kampala in 2015. Expectedly, onsite-not-contained is the largest contributor, taking 66% of the 278 
RV (14.4 log10 units) and 59% of the EC (11.7 log10 units) emissions (Fig. 4). In these sanitation 279 
systems, fecal sludge is not stored onsite, but most of it ends up directly or indirectly in the 280 
surface water. Offsite emissions are second highest at 19% (RV) and 27% (EC). 281 

Onsite-contained emissions are 13% of RV and 11% of EC total emissions. Children under 282 
five years old produce 82% to total RV emissions, while other age groups contribute 18%. The 283 
EC emissions are only proportional to age group sizes. High RV excretion rates in infected 284 
children under five years old are the result of large emissions, as shown in the GloWPa-H1 285 
model. 286 

Both S1 and S2 have comparable emissions, at 4.80 × 1014 and 4.71 × 1014 RV particles d−1 287 
and 1.17 × 1012 and 1.03 × 1012 EC CFU d−1, respectively. In S2, emissions are transferred from 288 
onsite-not-contained to offsite (sewerage) sanitation because half of Kampala’s population is 289 
connected to sewers, reducing the shares of onsite-contained and onsite-not-contained (Table 2). 290 
S3 leads to the lowest emissions at 1.11 × 1014 RV particles d−1 and 2.65 × 1011 EC CFU d−1, 291 
which is a 0.4 log10 units reduction for both organisms. In S3, only 20% of the population is 292 
connected to sewers, 86% is safely contained onsite, and 90% of feces not contained onsite are 293 
taken to treatment. 294 

Figure 5 shows the change in scenario emissions in 2030 compared with BS. Emissions will 295 
generally increase by 0.1 log10 units for both RV and EC in S1 across all categories, due to an 296 
increase in population. Despite having the largest share of emissions, S2 will see a slight 297 
reduction of onsite-contained and onsite-not-contained emissions simply because total onsite 298 
fractions reduce while the sewered population grows. However, 0.4 and 0.1 log10 units of RV 299 
and EC will be added, coming from offsite sanitation and open defecation, respectively. The 300 
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least-polluting scenario is S3, with a total of 1.2 log10 reduction in offsite, onsite-contained, and, 301 
the most important category, onsite-not-contained. Low emissions are due to the low sewerage 302 
coverage, high wastewater collection and treatment efficiency, more people safely containing 303 
their feces onsite. and open defecation being eliminated. 304 

Comparison of the GloWPa-H1 and KlaWPa-H1 Results 305 
We compared total and age-group RV and EC emissions for Kampala in 2015 from the 306 

GloWPa-H1 and the KlaWPa-H1 models. Estimated emissions are lower in the GloWPa-H1 307 
model than in the KlaWPa-H1 model, at 5.95 × 1013 RV particles d−1, 1.75 × 1011 EC CFU d−1 308 
vs. 3.74 × 1014 RV particles d−1, 8.18 × 1011 EC CFU d−1, respectively. The KlaWPa-H1 model 309 
simulates an additional 0.80 (RV) and 0.67 (EC) log10 units from pit latrines and septic tanks 310 
(Fig. 6). The KlaWPa-H1 model also highlights waste that does not reach treatment plants from 311 
each category except for open defecation. Connected emissions from the KlaWPa-H1 model are 312 
slightly higher than corresponding emissions of the GloWPa-H1 model, with an additional 0.15 313 
log10 units for both RV and EC. This difference is due to the lack of synchrony in the treated, 314 
untreated, and undelivered fecal fractions between NWSC’s sewerage coverage data and 315 
Kampala’s SFD. 316 

DISCUSSION 317 

In this study, the GloWPa-H1 and KlaWPa-H1 models were used to estimate RV and EC 318 
loads to the surface water. The RV and EC annual average daily total emissions to the surface 319 
water for Kampala were simulated to be between 5.95 × 1013 and 3.74 × 1014 viral particles d−1 320 
and between 1.75 × 1011 and 8.18 × 1011 CFU d−1 for the year 2015. As expected, the lowest 321 
emissions were simulated with the GloWPa-H1 model because emissions from onsite systems 322 
were not included in the model. The highest emissions were simulated with the KlaWPa-H1 323 
model that was expected to provide high-end emissions because it was impossible to remove the 324 
land and groundwater emissions from the totals. 325 

The main sources for Kampala emission were people with sewer connections in the GloWPa-326 
H1 model and onsite-not-contained emissions from unsafe pit latrines and septic tanks in the 327 
KlaWPa-H1 model. Onsite emissions from the KlaWPa-H1 model are larger than the total 328 
emissions for Kampala from the GloWPa-H1 model. The significance of onsite sanitation 329 
systems and source attribution are highlighted for future studies. 330 

Uganda has a large share of onsite sanitation (>70%) in urban and rural areas, except for a 331 
few districts where open defecation is practiced. The maps produced by the GloWPa-H1 model 332 
(Fig. 1), therefore, likely show low emissions. There are also some differences between hotspot 333 
areas. Currently, Kampala with its high urban population and with a significant fraction of open 334 
defecation is the largest hotspot area. Other densely populated areas with a large share of onsite 335 
sanitation could also emerge when onsite systems are included in the GloWPa-H1 model. 336 
However, population density remains a main driver for emissions, and it is unlikely that other 337 
rural areas become hotspots. 338 

The relative changes in emissions with respect to BS in different scenarios are interesting to 339 
analyze and are comparable for both the GloWPa-H1 and KlaWPa-H1 models. The emissions 340 
are expected to increase for S1 and S2 and to decrease for S3. The population growth alone 341 
increases S1 emissions. When more people are connected to sewers, emissions increase when 342 
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wastewater treatment is insufficient, as is the case in S2. Finally, the results for S3 show that 343 
reductions are possible when emissions from open defecation are eliminated and onsite waste is 344 
safely contained or effectively treated. 345 

Undeniably, the GloWPa-H1 and KlaWPa-H1 models have uncertainties in addition to the 346 
inclusion of leakages from onsite systems. Validation of modeled emissions would be important, 347 
although currently impossible due to limited observational data on wastewater treatment 348 
efficacy, effluent concentrations, and onsite system leakages. However, when modeled emissions 349 
are integrated with hydrology, the concentrations in the surface water can be validated with 350 
measured concentrations. Cryptosporidium concentrations simulated with the GloWPa-H1 model 351 
have been compared with observational data and showed reasonable results given several 352 
assumptions made in this model to estimate livestock emissions, pathogen runoff from the land, 353 
and so on, in a case study for Bangladesh and India  (Vermeulen, 2018). Simulating 354 
concentrations was beyond the scope of this study. 355 

A sensitivity analysis was performed to better understand the influence of the different 356 
variables on model output. The most important variable for the GloWPa-H1 (Vermeulen et al., 357 
2015) and KlaWPa-H1 models (Supplemental Material 2) is RV excretion of the population. 358 
This excretion rate is based on a literature review performed for the GloWPa-H1 model (Kiulia 359 
et al., 2015) and is uncertain since RV incidence rates vary between age groups, healthy or 360 
infected individuals, prevalent sanitation conditions, and weather patterns (Bwogi et al., 2016; 361 
Fuhrimann et al., 2016; Mwenda et al., 2010). The RV excretion rate we used was not based on 362 
Uganda’s prevalence data because such data are unavailable. Although halving or doubling 363 
standard excretion or incidence rates leads to magnitudinal changes in emissions, we do not 364 
expect that this strongly affects the spatial distribution patterns of the emissions. Thus, RV and 365 
EC distribution results in emission maps and in the KlaWPa-H1 model are valid. Additionally, 366 
obtaining exact values is not relevant for our purpose. Instead, the relative differences between 367 
models and scenarios help identify key emission sources, hotspots, and the effects of sanitation 368 
changes on emissions. It should be noted, however, that the model results are for the endemic 369 
disease, not for outbreaks of the virus. 370 

Although of lower importance according to the sensitivity analysis, other uncertainties in the 371 
models include the underlying sanitation data and understanding of the exact removal in the 372 
wastewater treatment systems. For instance, observational data by the NWSC places sewer 373 
coverage for Kampala at 7.5%, whereas the SFD in Schoebitz et al. (2016) indicates a 22% 374 
coverage. The latter was used in our models. In addition, Kampala has a population of 1.5 375 
million people, which often doubles during the day (Kampala Fecal Sludge Management Project, 376 
2016). Such daily changes are not included in our models. Moreover, using RV and EC 377 
incidences of BS to estimate emissions in 2030 may not represent future emissions. In 2030, RV 378 
and EC incidence will likely change as the country develops and the population increases. 379 
Vaccination can also reduce emissions, although ignored in our study. Rotavirus vaccination 380 
offers reductions in mortality and morbidity in some developing countries, despite efficacy 381 
challenges from the wide variability of circulating strains (Enweronu-Laryea et al., 2014; Fischer 382 
Walker and Black, 2011). Finally, we highlight that the models aim to estimate annual average 383 
daily total emissions. Undeniably, changes in precipitation affect the actual daily emissions. For 384 
instance, several of Kampala’s low-lying areas (particularly natural streams, drainage channels, 385 
and wetlands), are prone to floods due to encroachment and modification (Fuhrimann et al., 386 
2016; MWE, 2016; Schoebitz et al., 2016), and these floods can flush feces from pit latrines into 387 
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storm drains when they are not covered (Cissé, 2013; Schoebitz et al., 2016). Those extreme 388 
events are not included in our models, although the SFD used for the KlaWPa-H1 model may 389 
account for extreme events when estimating fecal losses from onsite systems. Future 390 
improvements of the model would include a stochastic approach to better quantify the 391 
uncertainties. In addition, extremes such as disease outbreaks or impacts of precipitation changes 392 
can later be included using scenarios. 393 

This study is the first to simulate pathogen emissions to surface water for a country in Africa, 394 
where pathogen data are sparse. We demonstrate that knowledge of the underlying variables, 395 
such as sanitation use and wastewater treatment, enable estimation of emission hotspots and the 396 
projection of possible future changes. This study also highlights that the inclusion of onsite 397 
sanitation systems into emission models is important. This inclusion is not straightforward 398 
because different sanitation systems are managed differently, and illegal disposal of fecal sludge 399 
occurs in swamps, quarries, and water bodies (MWE, 2016; Schoebitz et al., 2016). In this paper, 400 
we take the opportunity that SFDs provide to include onsite systems in our emission modeling. 401 
However, one immediate disadvantage of using SFDs is that they are not readily available 402 
countrywide. Moreover, the emissions are currently not separated for land, groundwater, or 403 
surface water. To provide maps that include onsite sanitation across Uganda, SFDs that indicate 404 
the destination of the feces should become available for all the districts. 405 

Our process-based modeling and scenario approach is a first step toward a framework that 406 
links sanitation systems and wastewater treatment to health risks and disease burden. We have 407 
demonstrated that connecting more people to sewers (S2) will increase emissions to surface 408 
waters. Moreover, eliminating open defecation in urban areas, connecting people to sewers with 409 
adequate wastewater treatment, and safe management of fecal waste in onsite systems (S3) will 410 
reduce the emissions. In future studies, understanding the effect of scenario emissions on disease 411 
burden can close the loop in our loads–concentration–risk modeling framework, aimed at 412 
guiding sanitation safety planning. 413 

The sewer coverage in S3 for 2030 is below NWSC’s target for 2021. The feasibility of 414 
assumptions in S2 and S3 of sewer coverage for all districts in 2030 depends on institutional, 415 
legal, and financial capability. Increasing improved onsite sanitation coverage and treatment 416 
removal efficiency, reducing nontreatment, and promoting household hygiene are possible short- 417 
and long-term-focus areas for the Ministry of Water and Environment, NWSC, and the Ministry 418 
of Health. Furthermore, other developed scenarios can be used with the models to enable 419 
decision makers to make more-informed decisions for sanitation safety planning. In this way, we 420 
contribute toward the attainment of the UN’s Sustainable Development Goals 6 and 3. 421 

Conclusions 422 
This study explores how changes in population, sanitation types, and coverage and 423 

wastewater treatment affect RV and EC emissions to surface water in Uganda. The GloWPa-H1 424 
model spatially represents emissions for the baseline year 2015 and for scenarios in 2030. The 425 
KlaWPa-H1 model represents emissions from all sanitation facilities, including onsite systems. It 426 
is a first attempt to include ignored emissions from pit latrines and septic tanks. Both models, 427 
however, highlight areas of high emissions to surface water in 2015, their key sources, and the 428 
importance of safely managing fecal sludge and adequate wastewater treatment. Overall, 429 
connecting more people across scenarios increases emissions, despite removal in wastewater 430 
treatment systems. Elimination of open defecation and safe management of onsite systems are 431 
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indispensable to reduce emissions. Our model- and scenario-based approach can be applied to 432 
other countries or regions and empowers decision makers to develop better-informed sanitation 433 
plans. 434 
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Table 1. Rotavirus (RV) and E. coli (EC) standard model parameters. 525 
Parameter description  Data source 
Urban (Pu) and rural (Pr) populations UBOS, 2014 
Population age-group fractions (fage) for <5, 5–14, 15–24, and 25+ years UBOS, 2014 
Excretion rates per gram of feces: 
 RV: 1.0×1010 particles (VpRV) 
 EC: 1.0×106 CFU (CFUEC) 
Incidence rates: 
 RV: 24% in children under 5 years, 1% in others (RVin) 
 EC: 100% in all people (ECin) 

Bishop, 1996 
Rowe and Abdel-Magid, 1995 
Kiulia et al., 2015 
Campbell and Reece, 2002 

Urban and rural population fractions connected to sewers (fcu, fcr), 
having direct (fdu, fdr), diffuse emissions (fdifr), and with CWTP and 
WSP† treated and untreated fractions (ft, fnt) 

MWE (2016); NWSC (2016); Ministry of 
Health sanitation monitoring data 

Run-off fraction (frun) based on animal manure mobilization of 2.5% Ferguson et al., 2007 
RV and EC removal efficacies (RE) for CWTP and WSP treatment: 
 Primary stage (REP): 20.0% 
 Secondary stage (RES): 97.5% 
 Tertiary stage (RET): 99.2% 
 WSPs (REWSP): 95% 

Kiulia et al., 2015; Williams & Overbo, 
2015; NWSC fecal coliforms monitoring 
data 

† CWTP, conventional wastewater treatment plant; WSP, wastewater stabilization pond. 526 

Table 2. Baseline conditions for the year 2015 and scenario data for the year 2030. 527 
 BS 

Baseline 
S1 

Business as 
Usual 

S2 
Industrious 

S3 
Low Emissions 

Urban and rural populations (million 
persons) 

34.6 54.5 54.5 54.5 

GloWPa-H1 model 
Sanitation coverage      
 Sewerage Urban 1% 1% 50% 20% 
 Rural 0% 0% 10% 0% 
 Onsite sanitation Urban 75% 75% 40% 80% 
 Rural 74% 74% 75% 95% 
 Open defecation Urban 25% 25% 10% 0% 
 Rural 24% 24% 15% 5% 
Wastewater treatment     
 Wastewater stabilization ponds 46% 46% 30% 60% 
 CWTP† primary 1% 1% 20% 60% 
 CWTP secondary 1% 1% 20% 30% 
 CWTP tertiary 0% 0% 10% 0% 
 Nontreatment 52% 52% 20% 10% 

KlaWPa-H1 model 
Offsite sanitation (sewerage) 22% 22% 50% 20% 
 Connected, delivered, treated 36% 36% 40% 90% 
 Connected, delivered, not treated 23% 23% 20% 5% 
 Connected, not delivered 41% 41% 40% 5% 
Onsite-contained sanitation 38% 38% 30% 70% 
 Onsite-contained, emptied, delivered, 
treated 

29% 29% 20% 13% 

 Onsite-contained, emptied, delivered, 
not treated 

5% 5% 7% 1% 

 Onsite-contained, emptied, not 
delivered 

3% 3% 7% 0% 

 Onsite-contained, not emptied 63% 63% 66% 86% 
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Onsite-not-contained sanitation 40% 40% 20% 10% 
 Onsite-not-contained, emptied, 
delivered, treated 

26% 26% 10% 90% 

 Onsite-not-contained, emptied, 
delivered, not treated 

8% 8% 5% 10% 

 Onsite-not-contained, emptied, not 
delivered 

3% 3% 10% 0% 

 Onsite-not-contained, not emptied 63% 63% 75% 0% 
Open defecation <1% <1% <1% 0% 

† CWTP, conventional wastewater treatment plant. 528 

Table 3. Categories of emissions from sanitation in SFDs used for the KlaWPa-H1 model. 529 
 Offsite fractions Onsite-contained 

fractions for fecal 
sludge 

Onsite-not-contained 
fractions for fecal 

sludge 

Open defection 

Containment Connected to sewers Stored onsite Not stored onsite Open defecation 
Emptying NA † Emptied or not emptied Emptied or not emptied NA 
Transport Delivered or not 

delivered to treatment 
Delivered or not 

delivered to treatment 
Delivered or not 

delivered to treatment 
NA 

Treatment Treated or not treated Treated or not treated Treated or not treated NA 

† NA, Not applicable 530 



Page 15 of 22 

 531 

Lo
g 10

 E
C 

CF
U

/g
rid

/d
ay

 

Lo
g 10

 RV
 p

ar
tic

le
s/

gr
id

/d
ay

 
RV

 p
ar

tic
le

s/
gr

id
/d

ay
 

EC
 C

FU
/g

rid
/d

ay
 

Scenario RV emission in 2030 and their difference 
plots 

Scenario EC emission in 2030 and their difference 
plots 

a1 a2 

b1 b2 b4 b3 

c1 c4 c3 c2 

d1 d4 d3 d2 

RV emissions in 2015 

Fig. 1. Rotavirus (RV) and E. coli (EC) emission and difference maps for Uganda in 2015 and 2030 plotted on 
LandScan2010 population density maps adjusted to 2015 for baseline conditions (BS, a) and to scenario populations 
in Business as Usual (S1, b), Industrious (S2, c), and Low Emissions (S3, d). Populations are distributed into urban 
and rural grids of approximately 1 km by 1 km. Plots a1–d1 are the standard RV log plots of total district emissions 
from the baseline to scenarios, with b2–d2 being differences between the respective scenario and the baseline in 
virus particles per grid per day. Similarly, a2 and b3–d3 are the standard log emission maps for EC with respective 
difference plots b4–d4 in colony-forming units (CFU) per grid per day. 
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Fig. 2. Share of total emissions from connected, direct and diffuse sources for 
rotavirus (RV) and E. coli (EC) for the baseline (BS) in 2015 and the 
scenarios (S1, Business as Usual; S2, Industrious; S3, Low Emissions) in 

 

Fig. 3. Percentage change in rotavirus (RV) and E. coli (EC)  emissions for S1 
(Business as Usual), S2 (Industrious), and S3 (Low Emissions) in 2030 
compared with baseline conditions. 
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Fig. 4. Kampala’s rotavirus (RV) and E. coli (EC)  emissions in 2015 
from sanitation categories of the KlaWPa-H1 model. CFU, colony-

  

Fig. 5. Change in scenario emissions in the KlaWPa-H1 model in 2030 compared 
with baseline conditions. CFU, colony-forming units; EC, E. coli; RV, rotavirus; 
S1, Business as Usual; S2, Industrious; S3, Low Emissions. 
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Fig. 6. Comparing rotavirus (RV) and E. coli (EC)  emissions from the 
GloWPa-H1 and the KlaWPa-H1 models for Kampala in 2015. 
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Supplemental Material 1: Detailed description of the KlaWPa-H1 model 541 

The KlaWPa H1 model simulates average daily total RV and EC emissions to the surface water 542 

for the district of Kampala for approximately the year 2015. We calculated RV and EC emissions 543 

(𝐻𝐻) from the base equation: 544 

𝐻𝐻 = 𝑃𝑃𝑘𝑘𝑥𝑥𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥(𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸𝐶𝐶)𝑒𝑒𝑒𝑒𝑥𝑥𝑓𝑓𝑠𝑠𝑛𝑛 (1) 545 
Where: 𝑃𝑃𝑘𝑘 is the population of Kampala, 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠 is the population fraction using offsite or onsite 546 

sanitation or practicing open defecation, 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝 𝑎𝑎𝑎𝑎𝑎𝑎 𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸𝐶𝐶  are the RV and EC excretion rates 547 

and, 𝑓𝑓𝑠𝑠𝑛𝑛 is the fraction of RV and EC not removed by wastewater treatment. 548 

Emissions categories are given by: 549 

𝑂𝑂𝑓𝑓𝑓𝑓𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂(𝑂𝑂𝑓𝑓𝐸𝐸) = 𝑃𝑃𝑘𝑘𝑥𝑥𝑓𝑓𝑠𝑠𝑎𝑎𝑒𝑒𝑥𝑥(𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸𝐶𝐶)𝑥𝑥𝑓𝑓𝑤𝑤𝑥𝑥[𝑓𝑓𝑤𝑤𝑤𝑤𝑥𝑥𝑓𝑓𝑡𝑡𝑥𝑥(1 − 𝑓𝑓𝑛𝑛𝑒𝑒𝑟𝑟) + 𝑓𝑓𝑤𝑤𝑤𝑤𝑥𝑥 𝑓𝑓𝑠𝑠𝑡𝑡 + 𝑓𝑓𝑤𝑤𝑠𝑠𝑤𝑤]550 
 (2) 551 
𝑂𝑂𝑎𝑎𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑐𝑐𝑜𝑜𝑎𝑎𝑂𝑂𝑎𝑎𝑂𝑂𝑎𝑎𝑂𝑂𝑎𝑎(𝑂𝑂𝑐𝑐𝐸𝐸) = 𝑃𝑃𝑘𝑘𝑥𝑥𝑓𝑓𝑠𝑠𝑎𝑎𝑒𝑒𝑥𝑥(𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸𝐶𝐶)𝑥𝑥𝑓𝑓𝑠𝑠𝑥𝑥[𝑓𝑓𝑠𝑠𝑒𝑒𝑥𝑥𝑓𝑓𝑠𝑠𝑤𝑤𝑥𝑥𝑓𝑓𝑡𝑡𝑥𝑥(1 − 𝑓𝑓𝑛𝑛𝑒𝑒𝑟𝑟) +552 
𝑓𝑓𝑠𝑠𝑒𝑒𝑥𝑥𝑓𝑓𝑠𝑠𝑤𝑤𝑥𝑥𝑓𝑓𝑠𝑠𝑡𝑡 + 𝑓𝑓𝑠𝑠𝑒𝑒𝑥𝑥𝑓𝑓𝑠𝑠𝑤𝑤 + 𝑓𝑓𝑠𝑠𝑠𝑠𝑒𝑒𝑥𝑥𝑝𝑝𝑟𝑟] (3) 553 
𝑂𝑂𝑎𝑎𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑎𝑎𝑜𝑜𝑂𝑂 𝑐𝑐𝑜𝑜𝑎𝑎𝑂𝑂𝑎𝑎𝑂𝑂𝑎𝑎𝑂𝑂𝑎𝑎(𝑂𝑂𝑎𝑎𝑐𝑐𝐸𝐸) = 𝑃𝑃𝑘𝑘𝑥𝑥𝑓𝑓𝑠𝑠𝑎𝑎𝑒𝑒𝑥𝑥(𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸𝐶𝐶)𝑥𝑥𝑓𝑓𝑠𝑠𝑠𝑠𝑥𝑥[𝑓𝑓𝑠𝑠𝑠𝑠𝑒𝑒𝑥𝑥𝑓𝑓𝑠𝑠𝑤𝑤𝑥𝑥𝑓𝑓𝑡𝑡𝑥𝑥(1 −554 
𝑓𝑓𝑛𝑛𝑒𝑒𝑟𝑟) + 𝑓𝑓𝑠𝑠𝑠𝑠𝑒𝑒𝑥𝑥𝑓𝑓𝑠𝑠𝑤𝑤𝑥𝑥𝑓𝑓𝑠𝑠𝑡𝑡 + 𝑓𝑓𝑠𝑠𝑠𝑠𝑒𝑒𝑥𝑥𝑓𝑓𝑠𝑠𝑤𝑤 + 𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒] (4) 555 
𝑂𝑂𝑝𝑝𝑂𝑂𝑎𝑎 𝑎𝑎𝑂𝑂𝑓𝑓𝑂𝑂𝑐𝑐𝑎𝑎𝑂𝑂𝑂𝑂𝑜𝑜𝑎𝑎(𝑂𝑂𝑎𝑎𝐸𝐸) = 𝑃𝑃𝑘𝑘𝑥𝑥𝑓𝑓𝑠𝑠𝑎𝑎𝑒𝑒𝑥𝑥(𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶𝐶𝐶𝐸𝐸𝐶𝐶)𝑥𝑥𝑓𝑓𝑜𝑜𝑤𝑤 (5) 556 

The total RV and EC emissions (𝐻𝐻) becomes: 557 

𝐻𝐻 = 𝑂𝑂𝑓𝑓𝐸𝐸 + 𝑂𝑂𝑐𝑐𝐸𝐸 + 𝑂𝑂𝑎𝑎𝑐𝑐𝐸𝐸 + 𝑂𝑂𝑎𝑎𝐸𝐸 (6) 558 
For offsite fractions: 𝑓𝑓𝑤𝑤 is sewered wastewater, 𝑓𝑓𝑤𝑤𝑤𝑤 is sewage delivered to treatment, 𝑓𝑓𝑤𝑤𝑠𝑠𝑤𝑤 is 559 
sewage not delivered to treatment, 𝑓𝑓𝑡𝑡 is treated and 𝑓𝑓𝑠𝑠𝑡𝑡 does not receive treatment. For fecal 560 
sludge fractions in onsite-contained and onsite-not-contained emissions: 𝑓𝑓𝑠𝑠 is stored, 𝑓𝑓𝑠𝑠𝑠𝑠 is not 561 
stored onsite, 𝑓𝑓𝑠𝑠𝑒𝑒 is stored and emptied, 𝑓𝑓𝑠𝑠𝑠𝑠𝑒𝑒 is stored and not emptied (this is assumed to have a 562 
zero mobilization potential - 𝑝𝑝𝑟𝑟, and remains safely contained), 𝑓𝑓𝑠𝑠𝑠𝑠𝑒𝑒 is not stored but is emptied, 563 
𝑓𝑓𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒 is not stored and not emptied, 𝑓𝑓𝑠𝑠𝑤𝑤 is delivered to treatment, 𝑓𝑓𝑠𝑠𝑤𝑤 is not delivered to 564 
treatment, 𝑓𝑓𝑡𝑡 receives treatment and 𝑓𝑓𝑠𝑠𝑡𝑡 does not receive treatment. The fraction of open 565 
defecation is 𝑓𝑓𝑜𝑜𝑤𝑤. Fractions for age groups: 0 to <5, 5 to 14, 15 to 24 and 25+ are indicated as 566 
𝑓𝑓𝑠𝑠𝑎𝑎𝑒𝑒. The SFD parameters and their values are provided in Table S1, which is an extended 567 
version of Table 2. Lastly, 𝑓𝑓𝑛𝑛𝑒𝑒𝑟𝑟 is the removal fraction of wastewater treatment for RV and EC. 568 
This is computed for each type and stage of treatment as: 569 
𝑓𝑓𝑛𝑛𝑒𝑒𝑟𝑟 = 𝑓𝑓𝑃𝑃 𝑥𝑥 𝑅𝑅𝑅𝑅𝑃𝑃 + 𝑓𝑓𝑆𝑆  𝑥𝑥 𝑅𝑅𝑅𝑅𝑆𝑆 + 𝑓𝑓𝑇𝑇 𝑥𝑥 𝑅𝑅𝑅𝑅𝑇𝑇 + 𝑓𝑓𝑊𝑊𝑆𝑆𝑃𝑃 𝑥𝑥 𝑅𝑅𝑅𝑅𝑊𝑊𝑆𝑆𝑃𝑃 (7) 570 
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Where: 𝑓𝑓𝑃𝑃, 𝑓𝑓𝑆𝑆, and 𝑓𝑓𝑇𝑇 are the fractions of CWTPs having primary, secondary and tertiary stages 571 

with corresponding RV and EC removal efficiencies: 𝑅𝑅𝑅𝑅𝑃𝑃, 𝑅𝑅𝑅𝑅𝑆𝑆 and 𝑅𝑅𝑅𝑅𝑇𝑇 respectively. While 572 

𝑓𝑓𝑊𝑊𝑆𝑆𝑃𝑃 and 𝑅𝑅𝑅𝑅𝑊𝑊𝑆𝑆𝑃𝑃 are the fractions of WSPs with respective RV and EC removal efficiencies. 573 

Supplemental Material 2: Sensitivity analysis results for the KlaWPa-H1 model  574 

Table S1: Model parameter values for the standard run and the sensitivity analysis runs for RV 575 
in the KlaWPa-H1 model  576 
 Standar

d values 
Value 1 Value 2 Value 3 

Excretion 1E+10 low 1E+08 standard 1E+10 high 1E+12 
Incidence in <5-years 0.24 half 0.12 half 0.12 double 0.48 
Infection in others 0.01 standard 0.01 high 0.2 high 0.2 
𝑹𝑹𝑹𝑹𝑾𝑾𝑾𝑾𝑾𝑾 0.95 low 0.2 medium 0.4 high 0.99 
𝑹𝑹𝑹𝑹𝑾𝑾 0.2 low 0.2 medium 0.4 standard 0.95 
𝑹𝑹𝑹𝑹𝑾𝑾 0.975 low 0.2 medium 0.4 high 0.99 
𝑹𝑹𝑹𝑹𝑻𝑻 0.9921 low 0.2 medium 0.4 standard 0.9921 
Fracion of feces to 
WSPs 

0.3333 high 0.9 medium 0.2 low 0 

Fraction of feces to 
CWTs primary 

0.3333 low 0.0333 medium 0.2 high 0.45 

Fraction of feces to 
CWTs secondary 

0.3333 low 0.0333 medium 0.2 high 0.45 

Fraction of feces to 
CWTs tertiary 

0 low 0.0333 high 0.4 low 0.1 

Table S2: Change in RV emissions for the KlaWPa-H1 model for the different combination of 577 
parameter values (in particles/day) 578 

(See Table S1 for V1, V2, V3) 
Excretion vs Infection rates 

V1 and V1: low excretion vs 
half incidence in <5, 
standard incidence in others 

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

V1 and V3: low excretion 
vs high incidence in <5, 
high incidence in others 

Offsite 3.63E+11 Offsite 7.26E+11 Offsite 5.10E+12 
Onsite-
contained 

2.38E+11 Onsite-
contained 

4.75E+11 Onsite-
contained 

2.34E+12 

Onsite-not-
contained 

1.23E+12 Onsite-not-
contained 

2.46E+12 Onsite-not-
contained 

1.21E+13 

Open 
defecation 

3.83E+10 Open 
defecation 

7.65E+10 Open 
defecation 

3.76E+11 

<5 1.53E+12 <5 3.05E+12 <5 6.10E+12 
Others 3.46E+11 Others 6.91E+11 Others 1.38E+13 
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V2 and V1: standard 
excretion vs low incidence in 
<5, standard incidence in 
others 

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

V2 and V3: standard 
excretion vs high incidence 
in <5, high incidence in 
others 

Offsite 3.63E+13 Offsite 7.26E+13 Offsite 5.10E+14 
Onsite-
contained 

2.38E+13 Onsite-
contained 

4.75E+13 Onsite-
contained 

2.34E+14 

Onsite-not-
contained 

1.23E+14 Onsite-not-
contained 

2.46E+14 Onsite-not-
contained 

1.21E+15 

Open 
defecation 

3.83E+12 Open 
defecation 

7.65E+12 Open 
defecation 

3.76E+13 

<5 1.53E+14 <5 3.05E+14 <5 6.10E+14 
Others 3.46E+13 Others 6.91E+13 Others 1.38E+15 
V3 and V1: high excretion 
vs half incidence in <5, 
standard incidence in others 

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

V3 and V3: high excretion 
vs high incidence in <5, 
high incidence in others 

Offsite 3.63E+15 Offsite 7.26E+15 Offsite 5.10E+16 
Onsite-
contained 

2.38E+15 Onsite-
contained 

4.75E+15 Onsite-
contained 

2.34E+16 

Onsite-not-
contained 

1.23E+16 Onsite-not-
contained 

2.46E+16 Onsite-not-
contained 

1.21E+17 

Open 
defecation 

3.83E+14 Open 
defecation 

7.65E+14 Open 
defecation 

3.76E+15 

<5 1.53E+16 <5 3.05E+16 <5 6.10E+16 
Others 3.46E+15 Others 6.91E+15 Others 1.38E+17 
Fraction of treatment systems vs removal efficiencies 
V1 and V1: low CWTPs, 
more WSPs vs low removal 

V1 and V2: low CWTPs, 
more WSPs vs average 
removal 

V1 and V3: low CWTPs, 
more WSPs vs high 
removal 

Offsite 9.07E+13 Offsite 8.36E+13 Offsite 6.26E+13 
Offsite 9.03E+13 Onsite-

contained 
7.35E+13 Onsite-

contained 
2.39E+13 

Onsite-
contained 

2.89E+14 Onsite-not-
contained 

2.72E+14 Onsite-not-
contained 

2.23E+14 

Onsite-not-
contained 

7.65E+12 Open 
defecation 

7.65E+12 Open 
defecation 

7.65E+12 

Open 
defecation 

3.90E+14 <5 3.57E+14 <5 2.58E+14 

<5 8.80E+13 Others 8.06E+13 Others 5.87E+13 
V2 and V1: medium 
coverage for other 
treatment types, high 
tertiary treatment vs low 
removal 

V2 and V2: medium coverage 
for other treatment types, high 
tertiary treatment vs medium 
removal 

V2 and V3: medium 
coverage for other treatment 
types, high tertiary treatment 
vs high removal 

Offsite 9.07E+13 Offsite 8.36E+13 Offsite 6.29E+13 
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Onsite-
contained 

9.03E+13 Onsite-
contained 

7.35E+13 Onsite-
contained 

2.44E+13 

Onsite-not-
contained 

2.89E+14 Onsite-not-
contained 

2.72E+14 Onsite-not-
contained 

2.23E+14 

Open 
defecation 

7.65E+12 Open 
defecation 

7.65E+12 Open 
defecation 

7.65E+12 

<5 3.90E+14 <5 3.57E+14 <5 2.59E+14 
Others 8.80E+13 Others 8.06E+13 Others 5.89E+13 
V3 and V1: low WSPs, 
high primary & secondary, 
low tertiary treatment vs 
low removal 

V3 and V2: low WSPs, high 
primary & secondary, low 
tertiary treatment vs 
medium removal 

V3 and V3: low WSPs, high 
primary & secondary, low 
tertiary treatment vs high 
removal 

Offsite 9.07E+13 Offsite 8.36E+13 Offsite 6.32E+13 
Onsite-
contained 

9.03E+13 Onsite-
contained 

7.35E+13 Onsite-
contained 

2.53E+13 

Onsite-not-
contained 

2.89E+14 Onsite-not-
contained 

2.72E+14 Onsite-not-
contained 

2.24E+14 

Open 
defecation 

7.65E+12 Open 
defecation 

7.65E+12 Open 
defecation 

7.65E+12 

<5 3.90E+14 <5 3.57E+14 <5 2.61E+14 
Others 8.80E+13 Others 8.06E+13 Others 5.93E+13 
  579 
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