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Estimation of Ascaris lumbricoides egg inactivation by

free ammonia treatment of ash-amended UDDT vault

products using stored urine in Uganda
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James R. Mihelcic and Sarina J. Ergas
ABSTRACT
Urine-diverting dry toilets (UDDTs) are designed to recover nutrients and organic matter from human

excreta for use as agricultural amendments, and have been promoted in many developing countries,

including Uganda. Wider UDDT implementation could help address problems in areas where water

scarcity limits sanitation coverage and/or declining soil fertility jeopardizes growing populations’

nutritional security. However, concerns have been raised regarding the safety of recovered UDDT

vault products, which may contain persistent pathogens such as Ascaris lumbricoides eggs.

A. lumbricoides eggs can be inactivated through elevation of free ammonia levels. This study

assessed the feasibility of a secondary ammonia treatment strategy for UDDT ash-amended vault

products using urine. Treatment parameters were measured in mixtures of urine, ash-amended vault

products, and wood ash, a model was developed to account for temperature fluctuations, and

A. lumbricoides egg inactivation times were estimated using a previously published model. A mixture

containing two parts urine and one part ash-amended vault products was estimated to provide

2-log10 inactivation after 3 months of indoor storage (daily mean temperatures: 22.8± 0.3 WC) or 2

months of outdoor storage (25.9± 1.3 WC). This strategy could improve the safety of recovered

products for agricultural use to improve the nutritional security of vulnerable populations.
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INTRODUCTION
Ecological sanitation (Eco-San) systems are designed to

recover nutrients and organic matter from human excreta

for agricultural use (Esrey et al. ). Wider implementation

of these systems could help to address sanitation and food

security problems in countries where water scarcity limits

improved sanitation coverage, and/or declining soil fertility

jeopardizes growing populations’ nutritional security

(NEMA ). For example, water availability is a barrier

to as many as 46 million people living without improved

sanitation (Fry et al. ). Furthermore, if collected, the
phosphorus in urine and feces could account for 22% of

the total global phosphorus demand (Mihelcic et al. ).

However, hygienic quality must be ensured to protect the

safety of agricultural workers and consumers.

Urine-diverting dry toilets (UDDTs) are a type of Eco-San

system designed to treat feces through alkaline desiccation

without water. They separate urine from feces, and desiccants

are added to fecal vaults to increase pH (>9.0) and decrease

moisture content (<25%). Given sufficient time, conditions

in UDDT vaults have been shown to inactivate numerous
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pathogens (Stenström ). TheWorld Health Organization

(WHO ) recommends that at least 1 year of storage is

needed at temperatures of between 20 and 35 WC. However,

this timeframemay be insufficient to eliminatemore resistant

pathogens (Hawksworth et al. ; Mehl et al. ), such as

Ascaris lumbricoides eggs (WHO ).

Soil-transmitted helminths (STHs), including A. lumbri-

coides, are intestinal worms that cause infection (PAHO

).Globally, up to 5.3 billion people are at risk of STH infec-

tion (Pullan & Brooker ), with an estimated 1.3 billion

infectedwithA. lumbricoides (Hawksworth et al. ). Ascar-

iasis is endemic in areas of Latin America, Asia, and Africa,

with children being greatly affected (Hawksworth et al. ).

In Rakai District, Uganda (this study’s location), Kabatereine

et al. () reported that 28.8% of tested schoolchildren

were infected with A. lumbricoides, with a mean egg count

of 2,289 eggs per gram feces, representing infections of light

to moderate intensity. Heavy infections can exceed 50,000

eggs per gram (Smith et al. ). TheWHO() has set a tol-

erable additional disease burdenof 10�6 disability-adjusted life

years regarding agricultural application ofUDDTproducts. To

remain below this level, treated feces must contain below one

egg per gram (WHO ). To achieve this concentration in

the worst cases of infection, a 5-log10 overall inactivation of

A. lumbricoides eggs is required.

In most UDDT vaults, conditions are inadequate to pro-

vide 5-log10 inactivation of A. lumbricoides eggs after 1 year.

A moisture content below 5% is required for complete inacti-

vation (WHO ), and some eggs can survive for 700 days

when exposed to pH levels between 9 and 11 (Moe& Izurieta

).A. lumbricoides egg inactivation rates have been shown

to be highly dependent on temperature. For example, eggs

were inactivated in a matter of weeks when peak tempera-

tures in solar toilets exceeded 36 WC (Moe & Izurieta ).

In contrast, Brownell & Nelson () reported that eggs sur-

vived for over 1 year at 40 WC but were destroyed in minutes

above 60 WC. Furthermore, in mesophilic anaerobic digesters

operated at 35 WC, approximately 65% of A. lumbricoides

eggs remained viable for 16 days, after which inactivation

increased until nearly all eggs were nonviable by day 24

(Manser et al. ). In most instances, the required tempera-

tures are not achieved in UDDTs (Hawksworth et al. ;

Mehl et al. ). Accordingly, based on an evaluation of the

treatment effectiveness of alkaline desiccation (WHO ),
2-log10 inactivation was assumed to occur in fecal vaults. An

additional 1-log10 decrease due to die-off in soil after agricul-

tural application can further reduce risk (WHO );

however, an additional 2-log10 reduction is still required to

achieve 5-log10 inactivation. Therefore, a secondary treatment

step is required after vault desiccation and prior to agricul-

tural application.

A number of options for secondary treatment of UDDT

vault products exist, including the elevation of free ammonia

levels. Free ammonia’s destructive effect on A. lumbricoides

eggs is related to the molecule’s small size and high solubility

in water and lipids, enabling it to pass through cellular bar-

riers and disrupt internal chemistry (Nordin ). Elevated

free ammonia can be achieved by adding urea (Nordin et al.

; Cruz-Espinoza et al. ). Urea hydrolysis, catalyzed

by urease-positive bacteria ubiquitous in sanitation systems,

produces ammonia and increases pH (O’Neal & Boyer ).

Several laboratory studies have demonstrated that

adding urea can inactivate Ascaris suum eggs, which infect

swine. These eggs are used in place of A. lumbricoides in lab-

oratory studies because of their relative availability and

safety (Nordin et al. ; Manser et al. ). Inactivation

rates of both species are similar when subjected to ammonia

treatment (Nordin et al. ). Vinnerås et al. ()

observed no viable eggs after 50 days when 30,000 mgN/L

urea was added to source-separated fecal matter. Pecson

et al. () added ammonia at concentrations of 1,000 and

5,000 mgN/L to municipal sludge and found that tempera-

ture, pH, and ammonia all influenced die-off rates. Nordin

et al. () found that approximately 800 mgN/L of free

ammonia achieved 2-log10 inactivation in fecal matter after

35 days at 24 WC. At 34 WC, 1,000 mgN/L caused 2-log10 inac-

tivation in 4 days. Cruz-Espinoza et al. () found that,

under conditions simulating dry toilet vaults in El Salvador,

free ammonia concentrations of 1,110 mgN/L achieved com-

plete inactivation after 14 days at 28 WC.

While urea can be obtained as fertilizer, chemical ferti-

lizers are too expensive for many farmers in sub-Saharan

Africa (Wambui ). A potential alternative for secondary

treatment of vault products is stored urine. Urine is high

in nitrogen, 75% to 90% of which is present as urea, with

the remainder being mostly ammonium ion (Mihelcic

et al. ). Two studies (McKinley et al. ; Fidjeland

et al. ) have investigated ammonia treatment of
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A. lumbricoides eggs using urine, but this strategy has not

been studied previously using ash-amended vault products

from Uganda. McKinley et al. () considered dry toilets

in Bolivia, but the use of sawdust as a desiccant produced

pH levels lower than those observed in locations where

highly-alkaline wood ash is used, such as Panama (Mehl

et al. ) and Uganda (Kamuteera et al. ). Due to the

acid-base equilibrium of ammonia, pH is critical in deter-

mining achievable free ammonia concentrations. McKinley

et al. () found that a mixture including vault products

(feces and sawdust), stored urine, and supplementary ash

resulted in free ammonia concentrations between 2,200

and 2,800 mgN/L and achieved 2-log10 inactivation after 8

weeks at 19.5 WC. Fidjeland et al. () simulated conditions

in pit latrines, vacuum toilets, and pour-flush latrines using

un-amended feces and urine collected in Sweden. At

23 WC, 3-log10 reductions were achieved after 1–6 months

depending on the free ammonia concentration, which

ranged from 620 to 4,760 mgN/L.

This study, conducted in Uganda, investigated urine

treatment of ash-amended UDDT vault products. Due to

the use of wood ash as the desiccant in UDDTs investigated

in this research, the composition and pH differed from those

of prior studies. Additionally, urine from Uganda is likely to

contain less total ammonia than urine from other locations,

due to low protein availability (FAOSTAT ). Protein con-

sumption affects the amount of nitrogen excreted in urine

(Jönsson et al. ), and treatment with stored urine

from protein-limited populations may be less effective for

A. lumbricoides inactivation. Nordin et al. () reported

total ammonia concentrations in undiluted urine in

Uganda to be 4.0± 1.5 g N/L, whereas typical global

values are calculated to be 8.3± 3.5 g N/L (Friedler et al.

). Therefore, this study assessed free ammonia treatment

using urine from an area with protein-related nutritional

insecurity (FAOSTAT ) and provides a conservative

assessment of this strategy on a global level.

Accordingly, the objective of this study was to estimate

the potential for free ammonia treatment of ash-amended

vault products using urine to achieve 2-log10 inactivation

of A. lumbricoides eggs in Uganda. If this strategy is esti-

mated to be successful in Uganda, where total ammonia

concentrations in urine are low, free ammonia treatment

could represent a globally applicable secondary treatment
alternative able to reduce health risks associated with per-

sistent pathogens and improve the safety of reusing

recovered products in agriculture.
METHODS

This study, performed in Kalisizo, Uganda, evaluated mix-

tures of ash-amended vault products (including feces, wood

ash, and toilet paper; pH¼ 10.5), stored urine (pH¼ 9.0),

and wood ash (pH¼ 10.5). Materials were collected from a

UDDT that had been operating for approximately 6 months

at a primary school (Trimmer et al. ). Students using the

UDDT had been instructed to add 1–2 cups (200–500 ml) of

ash after use (Mihelcic et al. ). Two stages of experiments

are summarized in Table 1.

Stage 1: supplementary wood ash to elevate pH

Stage 1 focused on adding supplementary wood ash to raise

pH. One volumetric mixture contained two parts stored

urine (U), one part ash-amended vault products (V), and

one part supplementary ash (A) (2U:1V:1A), while a

second mixture contained half the volume of supplementary

ash (2U:1V:0.5A). A third mixture contained only urine and

ash-amended vault products (2U:1V:0A). All mixtures were

set up in triplicate in closed, half-liter plastic bottles. The

volume of each mixture was approximately 400 mL, leaving

approximately 100 mL of headspace. Mixtures were stored

indoors for 113 days at ambient temperature.

Temperature, pH, and total ammonia concentration

(NH3þNH4
þ) were measured in each mixture at the begin-

ning of the testing period and then once per week. pH was

measured using indicator strips (Machery-Nagel), and temp-

erature was measured according to Standard Method 2550-B

(APHA ). Using samples collected and diluted after

mixing each bottle, total ammonia was measured using Sea-

chem Multitest: Ammonia Test Kits. The final moisture

content of each mixture was measured after the testing

period ended according to Standard Method 2540-G (APHA

); however, samples were dried using a solar oven, and

extended drying times were required (5–8 hours/day for 5–10

days). Additional details regarding pH and total ammonia

measurements, and results of quality assurance/quality



Table 1 | Average treatment conditions for all mixtures in Stages 1 and 2 (mean and standard deviations reported for triplicate treatments)

Average results± Standard deviation

Stage
Volumetric mixture (parts urine:parts ash-amended vault
products : parts supplementary wood ash)a

Final moisture
content pH

Temperature
(WC)

Total ammonia
(mg/L NH3)

Free ammonia
(mg/L N)

1b 2U:1V:0A 84± 0% 9.6± 0.2 22.2± 0.6 2,800± 400 1,200± 300
2U:1V:0.5A 76± 1% 9.8± 0.3 22.2± 0.6 2,300± 300 1,300± 300
2U:1V:1A 70± 4% 10.3± 0.3 22.3± 0.6 1,700± 200 1,200± 200

2c 2U:1V:0A - in 83± 3% 9.6± 0.2 22.4± 0.9 2,800± 200 1,300± 300
2U:1V:0A - out 82± 1% 9.6± 0.2 35.0± 9.7 2,800± 200 1,700± 400
2U:1V:0.5A - out 70± 3% 10.0± 0.2 35.3± 10.1 2,300± 200 1,700± 300

aU: urine; V: ash-amended vault products; A: supplementary wood ash.
bStage 1 focused on adding supplementary ash to elevate pH; mixtures were stored indoors for 113 days; pH, temperature, and total ammonia were measured (and free ammonia was

calculated) weekly for triplicate mixtures (n¼ 3 * 17 weeks¼ 51); moisture content was measured after the stage had been completed (n¼ 3).
cStage 2 focused on outdoor storage to elevate temperature; one mixture (2U:1V:0A) was stored indoors and two mixtures (2U:1V:0A; 2U:1V:0.5A) were stored outdoors for 80 days; pH,

temperature, and total ammonia measurements were collected (and free ammonia was calculated) weekly for triplicate mixtures (n¼ 3 * 12 weeks¼ 36); moisture content was measured

after the stage had been completed (n¼ 3).
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control tests assessing the accuracy of total ammonia

measurements, are available in the supplementary material

(this can be found in the online version of this paper).

Using measured pH, temperature, and total ammonia

values, with acid-base relationships for non-dilute solutions

(Mihelcic & Zimmerman ), free ammonia concen-

trations were calculated for each sampling day.
Stage 2: outdoor storage to elevate temperature

Stage 2 compared indoor and outdoor storage, to determine

how mixture temperatures changed. Two mixtures

(2U:1V:0A, 2U:1V:0.5A) were stored outside on an iron

roof, with a control mixture (2U:1V:0A) located indoors to

determine whether indoor conditions were significantly

different between Stages 1 and 2. This stage lasted for 80

days, and temperature, pH, and total ammonia were

measured as in Stage 1. Given that all treatment conditions

measured for the indoor 2U:1V:0A control mixture were

not significantly different from the Stage 1 2U:1V:0Amixture

(all p� 0.744), indoor mixture conditions in both stages were

assumed to be equivalent, allowing for direct comparisons.
Additional temperature measurements: the ‘typical

day’ model

As most mixture temperatures were measured during day-

light, calculated average temperatures were higher than
actual daily mean temperatures (i.e., averages over the

entire day and night). Therefore, over a period of 291

days (23 January, 2014–9 November, 2014), outdoor

and indoor ambient temperatures were measured

(n¼ 165) at varying times throughout the day and night,

and were used to develop a sinusoidal ambient tempera-

ture model over a ‘typical day’. Linear relationships

were developed between mixture and ambient tempera-

tures using another set of outdoor (n¼ 15) and indoor

(n¼ 29) measurements.

To quantify the uncertainty surrounding this model

and estimate the expected distributions of daily mean

mixture temperatures, 100,000 Monte Carlo simulations

were performed. The fitted constants of the ambient

temperature equations were treated as normally distribu-

ted random variables, with expected values and

standard deviations taken from the regression analysis.

Outdoor and indoor daily mean mixture temperatures

could then be estimated.
Estimating A. lumbricoides egg inactivation potential

Due to resource limitations, A. lumbricoides inactivation

could not be measured directly in the field. Instead, a

model developed by Fidjeland et al. () was used to esti-

mate potential inactivation resulting from treatment

conditions in Uganda. This model, created and validated

using various literature data, estimates A. lumbricoides egg
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inactivation as a function of temperature and free ammonia

(Equation (1)):

t ¼ 3:2þ LRV

10(�3:7þ0:062T)NH(0:7)
3

(1:14) (1)

where t is the time (days) to achieve the inactivation level

defined by LRV, representing log10 reduction in egg viability,

T represents temperature (WC), NH3 represents the free

ammonia concentration (mmol/L), and the safety factor

(1.14) accounts for the 99% confidence interval from error

propagation (Fidjeland et al. ). Total ammonia and pH

are indirectly incorporated through their effects on free

ammonia concentration.

To calculate the 2-log10 inactivation time for each mix-

ture, the daily mean mixture temperatures from the

‘typical day’ model were used instead of the measurements,

since the modeled values are more conservative and likely

more representative of overall conditions. Free ammonia

concentrations were recalculated for each mixture and

used in Equation (1). All treatment conditions fell within

the valid ranges for Equation (1), as defined in Fidjeland

et al. ().

To assess the level of uncertainty surrounding the calcu-

lated times, 100,000 Monte Carlo simulations were

performed, treating total ammonia, pH, and daily mean temp-

erature as normally distributed random variables. For an

additional factor of safety when developing treatment rec-

ommendations, the 99th percentile values from the resulting

inactivation time distributions were used. Finally, the individ-

ual impact of each input parameter (pH, total ammonia,

temperature) was assessed through a one-at-a-time sensitivity

analysis. Due to varying scales and uncertainty levels surround-

ing the parameters, each parameter’s 1st, 5th, 25th, 75th, 95th,

and 99th percentile values were used while holding other par-

ameters at their 50th percentile values, so that the effects of

various changes to one parameter could be determined.

Statistical analyses

Significance testing of physical and chemical measurements

was performed using one-way analysis of variance tests fol-

lowed by Holm-Sidak tests for multiple comparisons,

conducted in SigmaPlot 13.0 (Systat Software Inc.).
p values below 0.05 were considered statistically significant.

Linear and non-linear temperature modeling was also per-

formed in SigmaPlot. Monte Carlo simulations associated

with the temperature and inactivation models, as well as

the sensitivity analysis, were conducted in Matlab R2015a

(Mathworks, Inc.).
RESULTS

Treatment conditions in stages 1 and 2

A summary of treatment conditions in all Stage 1 and 2

mixtures is provided in Table 1. Mixtures with different mix

ratios exhibited total ammonia and pH levels that were sig-

nificantly different (p< 0.05). In contrast, no mixtures

stored in the same location (indoors or outdoors) exhibited

statistically significant temperature differences, suggesting

that the mix ratio does not significantly impact mixture temp-

erature. Similarly, calculated free ammonia levels for

mixtures in the same location were statistically equivalent.

Mixtures with higher supplementary ash fractions exhibited

lower total ammonia concentrations but higher pH values,

meaning that a larger percentage of total ammonia was pre-

sent as free ammonia. For a given location, this ‘balancing’

pushed all free ammonia concentrations into a similar range.

However, while free ammonia levels in outdoor mix-

tures (1,700 mgN/L) balanced with one another, they

differed from those in indoor mixtures (1,200–1,300 mgN/L),

because higher outdoor temperatures shifted equilibrium

toward free ammonia. Stage 2 free ammonia concentrations

over time are shown in Figure 1. All mixtures exhibited

decreasing trends, resulting from total ammonia losses

caused by periodic opening for sampling. These losses

should not be problematic in actual systems, where periodic

opening would not be recommended (Nordin et al. ).

Figure 1 also shows greater variability in outdoor

mixtures. For example, when comparing actual data points

with regression lines, the outdoor 2U:1V:0A mixture’s sum

of squared residuals (1.2 × 106) was higher than the indoor

mixture’s (3.0 × 105). Especially on colder days, outdoor con-

centrations decreased substantially. On day 9, the outdoor

2U:1V:0A mixture’s free ammonia concentration fell below

that of the indoor mixture. A. lumbricoides egg inactivation



Figure 1 | Average free ammonia concentrations measured over time in Stage 2 mixtures

and associated fitted lines. The horizontal solid line represents the concen-

tration required to achieve 2-log10 inactivation of A. lumbricoides eggs in

60 days at the measured indoor average temperature of 22.4
W

C, as calculated

using Equation (1) (Fidjeland et al. 2015).
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by ammonia treatment depends highly on temperature, poss-

ibly because the shell lipid layer exhibits increased

permeability at higher temperatures (Nordin et al. ).

For example, using Equation (1) (Fidjeland et al. ), a con-

centration of 1,030 mg/L NH3-N at 22.4 WC (the measured

average indoor mixture temperature) results in 2-log10 inac-

tivation after 60 days. At 35.0 WC (the outdoor 2U:1V:0A

mixture’s measured average temperature), the same concen-

tration results in 2-log10 inactivation after 10 days. Higher

overall temperature is beneficial, but the effect of variations
Figure 2 | ‘Typical day’ ambient and mixture temperature modeling: (a) ambient temperature m

model relating ambient temperatures to mixture temperatures.
is uncertain. McKinley et al. () found that ammonia

treatment was less effective when free ammonia concen-

tration was not sustained over time, which could be

caused by a temperature decrease. However, Nordin et al.

() reported that, for urine stored at equal average temp-

eratures, samples exposed to greater daily temperature

fluctuations exhibited higher inactivation.
Additional temperature measurements and modeling

Although outdoor mixtures seemed to exhibit higher aver-

age temperatures than indoor mixtures, it is important to

note that the temperature datasets in Table 1 were collected

during daylight hours. To more fully consider daily tempera-

ture variations, additional ambient and mixture temperature

measurements were collected throughout the day and night

(Figure 2). Indoor ambient temperatures (n¼ 165) were rela-

tively consistent, ranging from 20.6 to 25.1 WC and averaging

22.8 WC, while outdoor ambient temperatures (n¼ 165)

varied considerably, ranging from 16.1 to 32.9 WC and aver-

aging 23.1 WC. Indoor mixture temperatures (n¼ 29) were

similar to indoor ambient temperatures, while outdoor mix-

ture temperatures fluctuated more widely than ambient

temperatures, ranging from 15.9 to 48.1 WC and averaging

31.5 WC.
easurements with sinusoidal regression models over a 24-hour period; (b) linear regression



Figure 3 | Estimated treatment times (in days) required for 2-log10 inactivation of

A. lumbricoides eggs in test mixtures of stored urine, ash-amended vault

products, and supplementary wood ash. Each filled bar represents the 50th

percentile inactivation time from 100,000 Monte Carlo simulations. Each black

point represents the 95th percentile, and the end of each whisker represents

the 99th percentile.
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While these additional datasets provide a fuller picture,

they were still skewed, since most measurements occurred

during daylight hours. To evenly represent temperature vari-

ations throughout an entire day, all ambient temperature

measurements were plotted over a single 24-hour period

(Figure 2(a)). Sinusoidal regressions (Equations (2) and

(3)) were fitted to the outdoor and indoor datasets, portray-

ing a ‘typical day’ in Kalisizo, Uganda:

Toutdoor�amb ¼ 21:8WC

þ 4:85WCð Þ�sin 2π
24

hour�1
� �

�th þ 3:94
� �� �

R2 ¼ 0:59

(2)

Tindoor�amb ¼ 22:8WC

þ 0:559WC�sin 2π
24

hour�1
� �

�th þ 3:00
� �� �

R2 ¼ 0:13

(3)

where th is hourly time (e.g., 1:30 PM is 13.5), while Toutdoor-

amb and Tindoor-amb are outdoor and indoor ambient tempera-

tures (WC), respectively. Linear regressions were developed

relating ambient temperatures to mixture temperatures as

follows (Figure 2(b)):

Toutdoor�mix ¼ 2:63�Toutdoor�amb � 31:3WC R2 ¼ 0:86 (4)

Tindoor�mix ¼ 0:872�Tindoor�amb þ 2:83WC R2 ¼ 0:97 (5)

where Toutdoor-mix and Tindoor-mix represent outdoor and

indoor mixture temperatures (WC), respectively. Using

Equations (2) through (5), outdoor and indoor mixture

temperatures were modeled over an entire ‘typical day’ to

more fully represent daily temperature cycles.

Running this model over 100,000 Monte Carlo simu-

lations estimated daily mean outdoor and indoor mixture

temperatures of 25.9± 1.3 and 22.8± 0.3 WC, respectively.

The indoor mean is similar to measurements from

Stages 1 and 2, while the outdoor mean is considerably

lower than measured outdoor mixture temperatures.

In place of measured mixture temperatures, the more

conservative model values were used when estimating

inactivation.
Estimating A. lumbricoides egg inactivation potential

To estimate the potential for A. lumbricoides egg inacti-

vation, free ammonia concentrations were recalculated

using modeled daily mean mixture temperatures combined

with measured total ammonia and pH values. These free

ammonia and temperature values were input into Equation

(1) (Fidjeland et al. ) to estimate 2-log10 inactivation.

100,000 Monte Carlo simulations were employed to account

for uncertainty in the input parameters.

Results for indoor and outdoor mixtures are presented

in Figure 3, which shows the 50th, 95th, and 99th percen-

tiles of the inactivation time distributions. For indoor

mixtures, the estimated 50th percentile inactivation times

fall between 45 and 48 days, while 99th percentile values

(representing near-worst cases) range from 71 to 88 days.

The estimated inactivation times for outdoor mixtures

were faster. For the 2U:1V:0A and 2U:1V:0.5A mixtures,

50th percentiles were 27 and 26 days, respectively, while

99th percentiles were 51 and 43 days, respectively. Out-

door treatment may be more effective than predicted by

the model because fluctuating temperatures were shown

to provide move efficient treatment by Nordin et al.

(). In all cases, 2-log10 inactivation is estimated to be

much shorter than the 12-month treatment period rec-

ommended for alkaline desiccation of vault products

(WHO ).
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DISCUSSION

Treatment recommendations

Given the estimated inactivation times in Figure 3, the mix-

tures and treatment conditions most likely to be feasible and

effective were identified. When developing treatment rec-

ommendations, 99th percentile values of inactivation time

were used for an additional factor of safety, and values were

rounded up to the next full month to simplify communication.

The following summarizes the recommendations of this study.
Supplementary ash

Stage 1 experiments showed that similar free ammonia concen-

trations were achieved in treatments with varying amounts of

supplementary wood ash. Given that ash availability has been

reported as an issue in some locations (e.g., Mehl et al. ;

Kamuteera et al. ; Trimmer et al. ), mixtures requiring

little or no supplementary ash are likely to be more feasible.
Urine addition

A volumetric mixture containing two parts urine to one part

ash-amended vault products is recommended. Using esti-

mated generation rates at school-based UDDTs in Uganda

(Trimmer ), the maximum ratio achievable at the study

location was calculated to be 2.1U:1 V. Therefore, enough

urine would be available for the recommended mixture.
Figure 4 | Sensitivity analysis assessing the individual impact of each input parameter on the

mixtures, relative to the expected value when all of the parameters’ 50th percentil
Storage location and time

Using 99th percentile inactivation times for the 2U:1V:0A

indoor and outdoor mixtures, 3 months of indoor storage

or 2 months of outdoor storage were estimated to provide

at least 2-log10 inactivation of A. lumbricoides eggs. Outdoor

storage may inactivate eggs faster than the estimated times

presented here, given that fluctuating temperature patterns

may be more effective than constant temperatures (Nordin

et al. ). However, indoor storage might provide a greater

degree of security, in that a container stored in a closed

room would present less of a potential hazard to curious

children or animals. The decision regarding whether to

employ outdoor or indoor storage is likely best left to users.
Sensitivity analysis

Finally, a sensitivity analysis was performed to evaluate how

changing each individual input parameter (pH, total ammo-

nia, temperature) affected the 2-log10 inactivation time

estimate for the 2U:1V:0A mixture. Indoor and outdoor sto-

rage conditions were both considered. The results of this

sensitivity analysis are shown in Figure 4. Note that all par-

ameters affect inactivation time through an inverse

relationship, such that a higher value of a given parameter

results in a lower estimated inactivation time.

In Figure 4, inverse relationships define all effects on inac-

tivation time of the parameters. The left and right edges of each

box represent inactivation when using that parameter’s 75th
2-log10 inactivation time (in days) estimated for the (a) 2U:1V:0A indoor and (b) outdoor

e values are used.
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and 25thpercentile values, respectively. Blackpoints represent

inactivation times when the 95th and 5th percentiles are used,

and the ends of the lower and upper whiskers represent times

when using the 99th and 1st percentiles, respectively.

Indoors, pH has the largest individual effect on inacti-

vation time, likely because the average pH value is only

slightly above ammonia’s pKa value at the daily mean indoor

temperature. If the pH is reduced, equilibrium shifts away

from free ammonia and its concentration becomes consider-

ably lower, leading to longer inactivation times. Outdoors,

pH remains important, but temperature changes have a greater

impact. At higher temperature, the pKa value is further from

the mixture’s average pH, meaning that a change in pH has a

diminished effect. Given that outdoor temperatures are more

variable, however, a significant temperature decrease would

directly increase inactivation time (through the inclusion of

temperature in Equation (1)), while also indirectly increasing

it by bringing the pKa value closer to the system’s pH, thereby

reducing the free ammonia concentration. Overall, maintain-

ing high pH levels is most crucial for indoor storage, while

ensuring high temperatures is critical for outdoor storage.

However, all changes in estimated inactivation time remain

well within the treatment times recommended above.
CONCLUSIONS

Based on our estimates, free ammonia treatment with stored

urine should inactivate A. lumbricoides eggs in UDDT ash-

amended vault products in Uganda. A mixture of two

parts urine and one part ash-amended vault products with

no supplementary ash (2U:1V:0A) was found to be most

appropriate and was estimated to provide 2-log10 inacti-

vation after 3 months of indoor storage (22.8± 0.3 WC) or

2 months of outdoor storage (25.9± 1.3 WC).

This study shows that free ammonia treatment could be

successful as an appropriate secondary treatment option in

Uganda. Since Uganda functions as a conservative case regard-

ing ammonia levels in urine, it also implies that free ammonia

treatment could function effectively in other contexts with or

without protein-related nutritional insecurities. This possibility

of a low-cost, readily-available secondary treatment technique

that efficiently inactivates persistent pathogens could represent

a globally significant improvement to the UDDT system. Free
ammonia treatment using urine leverages resources already

present in humanwaste to increase the safety of recovered pro-

ducts, which can be agriculturally applied to improve the

nutritional security of vulnerable populations.
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