
Science of the Total Environment 857 (2023) 159178

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Sensor-based evaluation of a Urine Trap toilet in a shared bathroom
Prateek Kachoria a, Sarani Sasidaran a, Claire M. Welling b, Praveen Rosario a, Jin Zhou c, Krishnendu Chakrabarty c,
Harald Gründl d, Lotte Kristoferitsch d, Sonia Grego b,⁎

a RTI International India, New Delhi 110 037, India
b Center for Water, Sanitation, Hygiene and Infectious Disease (WASH-AID), Department of Electrical and Computer Engineering, Duke University, Durham, NC, USA
c Department of Electrical and Computer Engineering, Duke University, Durham, NC, USA
d EOOS Design GmbH, Zelinkagasse 2/6, 1010 Vienna, Austria
H I G H L I G H T S G R A P H I C A L A B S T R A C T
⁎ Corresponding author.
E-mail address: sonia.grego@duke.edu (S. Grego).

http://dx.doi.org/10.1016/j.scitotenv.2022.159178
Received 11 July 2022; Received in revised form 3 Se
Available online 3 October 2022
0048-9697/© 2022 The Authors. Published by Elsevi
• No-Mix toilets remove nitrogen from
wastewater to facilitate treatment and sus-
tainability.

• Urine Trap is a No-Mix designwherein the
urine stream inlet is invisible to the user.

• User testing found the Urine Trap pas-
sively removes 36 % of the nitrogen (TN).

• Sensor-based wastewater patterns reveal
hygiene practices impact TN separation.
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Urine diversion in a No-Mix Toilet is a promising approach for sustainable fertilizers and reduction of the nutrient load
for wastewater treatment; however, user adoption remains a challenge. This study evaluates the Urine Trap, a passive
No-Mix toilet design based on the teapot effect, wherein the urine stream inlet is invisible to the user and therefore it
does not impact the user experience for increased adoption.
This study evaluated the nutrient separation performance of a Urine Trap flush toilet in a bathroom shared by women
in two sites in India. Over three different testing periods, 841 uses of this squat plate were recorded in 50 days. Ana-
lytical measurements found 36 % separation efficiency for total nitrogen (TN). While effective, the Urine Trap under
test by users did not yield a 70–80% TN separation efficiency observed under engineering characterization. High tem-
poral resolution data from sensors on waste collection tanks, the opening of the bathroom door, and cleansing water
flowwere used to gain insights into hygiene practices. The data showed a frequent habit of wetting the squat plate dur-
ing physiological excretion, a hygienic practice that eases cleaning but degrades the teapot separation effect of the
Urine Trap design. By using sensors, we demonstrate a method to non-invasively gain quantitative insights into hy-
giene practices to inform sanitation technologies deployment strategies for improved outcomes.
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1. Introduction

Human excreta contain the same nutrients (such as nitrogen and phos-
phorus) as the fertilizers used for food production (Senecal and Vinnerås,
2017). While fertilizers are produced with energy-intensive and polluting
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processes, human excreta end up as untreated waste for billions of people,
and the lack of safely managed sanitation creates significant health and en-
vironmental problems (WHO/UNICEF, 2019) (Nazari et al., 2020). In re-
sponse to the global challenges of improved sanitation and sustainable
agriculture, a body of research has gone into pursuing nutrient recovery
fromwaste streams. Among thewaste streams, human urine provides an at-
tractive potential platform for agricultural resource recovery, especially ni-
trogen (Wald, 2022). Furthermore, since urine represents only 1 % of
wastewater volume but 80 % of the wastewater nitrogen, removing urine
from wastewater enables treatment at reduced cost and energy (Tarpeh
et al., 2018).

A major challenge to enhance efficiency of resource recovery using
urine is to avoid water dilution associated with conventional wastewater
generation, since Total Nitrogen (TN) content in urine (0.7 %) is already
muchmore diluted than in fertilizer (46%) (Udert et al., 2006). Source sep-
aration at the toilet level to prevent urine frommixing with other wastewa-
ter in urine-diversion or No-mix toilets has been proposed as an attractive
solution (Larsen et al., 2009).

Typically No-Mix or urine diversion technologies comprise of a custom
toilet that has two compartments for urine and feces, respectively, and a
dedicated conduit to transport separated urine to treatment (Nazari et al.,
2020). No-Mix toilet designs include waterless or dry toilets, which are
often deployed in the global south but are undesirable due to fouling or
malodor (Gounden et al., 2006; Mkhize et al., 2017), unless novel sophisti-
cated designs are employed (Hennigs et al., 2019; Hennigs et al., 2021).

Urine diversion flush toilets were favorably viewed in a European study
for their nutrient recycling purpose (Lienert and Larsen, 2010); however,
major barriers to consumer adoption were found in systems that were cum-
bersome and unreliable.

EOOS Design (Vienna, Austria) has developed a novel No-Mix flush toi-
let design, the Urine Trap, that overcomes these barriers and achieves pas-
sive separation of urine and water flush with a system with the same
appearance for the user (Gundlach et al., 2021). This Urine Trap design
takes advantage of the so-called teapot effect described as the attachment
of liquids to a curved wall due to surface tension. This effect is used to effi-
ciently guide the urine along a curved entrance invisible to the user and into
the collector. Laboratory results indicate that the optimized design has only
2.5% of flushwater in the urine collection and a urine separation efficiency
ranging from 60 % to over 95 % (Gundlach et al., 2021).

The Urine Trap design was adapted to a squat plate, a toilet design com-
monly adopted in South Asia, including India. South Asia is a region with a
large sanitation gap and where decentralized sanitation is common and
where there is an urgent need for onsite technologies to treat wastewater
to a high standard of pathogen, organic and nutrient removal (Krithika
et al., 2017; Winkler et al., 2017; Welling et al., 2020; Dasgupta et al.,
2021).

The operation of a Urine Trap toilet designed for South Asia, a washing
culture where water instead of toilet paper is used for personal cleansing,
leads to potential challenges: while toilet paper clogging is no longer an
issue, the fluid dynamics of water for personal wash is likely to degrade
the separation performance and dilute the separated urine.

This study is a field testing evaluation of the Urine Trap toilet in a wash-
ing setting. Themanuscript reportsmethods and results of the evaluation of
a prototype Urine Trap flush squat plate in two bathroom facilities shared
by women in India. The study was conducted with women users to elimi-
nate the variable of gender-specific urination practices, namely urinating
while standing (Schelbert et al., 2021).

We conducted a detailed analytical characterization of the two waste
streams, urine and feces+ flush water, that were generated by the Urine
Trap squat plate, and we determined the separation efficiency by volume
and by nutrients (TN and total phosphorus). Analysis of wastewater gener-
ation temporal dynamics provided insights into user behavior, including
washing practices that are bound to impact the nutrient separation perfor-
mance. This paper describes the performance of a Urine Trap Indian toilet
and a method to non-invasively determine user behavior in toileting to in-
form and optimize technology development and deployment.
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2. Methods

2.1. Ethics

The study installed a test squat plate in one of multiple stalls in women-
shared toilet facilities. The users of these facilities had free, unmonitored
access to the test stall as well as other stalls. No user was identifiable by
the collected data. The institutional review board (IRB) of PSG College In-
stitute for Medical Science and Research reviewed the protocol (PSG
IHEC 20/200) and exempted it from ethical review; the Duke University
IRB also reviewed the protocol and deemed it not being human subject re-
search. The community of users was aware that the sanitation facility was
used to evaluate toilet technologies and were verbally informed that the
specific toilet stall was under test by a female staff at the beginning of
data collection. The users had uninterrupted access to alternative conven-
tional toilet stalls because they could select the stall in this toilet facility
as well as access additional nearby bathroom facilities.

2.2. Test sites and users

The Urine Trap toilet evaluated by this study was a drop-shaped squat
plate designed for pour-flushing, i.e., it was not to be connected to a cistern.
Two identical Urine Trap toilet prototypes were installed in two shared-
female bathrooms in the city of Coimbatore, India.

Data was collected in three separate time periods: period 1, 14 days in
August–October 2020 and period 2, 20 days in February – April 2021
were collection at Site A. Data for period 3, 16 days in August – September
2021, was collected at Site B.

Both Site A and Site B were custom-built facilities for testing toilet tech-
nologies. The sites feature unmonitored user access to bathroom stalls and a
separate space and entrance for engineeringmonitoring and sampling from
the measurement system connected to the toilet waste streams. The onsite
research team included one female engineer that could access the toilet
area for testing purposes.

Importantly, the two facilities featured elevated bathroom floors with
heights of 1.2 and 1.5 m for site A and B, respectively, below the toilet
area in order to feed wastewater effluent by gravity to equipment located
directly underneath the bathroom floor.

Site A was a privately-owned textile mill with approximately 20 resi-
dent workers on a term contract and 50 day workers. The test toilet facili-
ties (described in Welling et al., 2020) included 10 bathroom stalls, one
of which was used to install the Urine Trap toilet, and a separate handwash-
ing sink with four taps.

Site Bwas a shared-toilet facility located on a college campus in proxim-
ity of a parking lot and outdoor break area, and was typically used by col-
lege staff. The Site B bathroom facility featured four bathroom stalls, one
of which was used to install the Urine Trap toilet, and there was a separate
handwashing sink with two taps.

For both sites, the toilet stall features a water faucet tap, both amug and
spray wand for washing, and a bucket for flushing (Fig. 1A).

The test stalls were open during the daytime with a caretaker in service
and closed outside of business hours. Waste collected during work hours
was allowed to settle overnight prior to sampling.

2.3. Sensors for measuring wastewater volume generation

The front and back exit holes of the squat plate were connected by PVC
pipes to two HDPE tanks, namely the urine tank (UT) and feces tank (FT)
placed on digital scales with an RS232 interface (Fig. 1B).

The urine tank (capacity 65 L) was placed on a 200 kg capacity scale
(model EBPH12, 10 g resolution, 400 × 400 mm pan size, Everest Scales,
India). The feces tank (capacity 200 L) was placed on a 300 kg capacity
scale (model APC 300-K9, 20 g resolution, 600× 600mmpan size Everest
Scales, India).

The plumbing between the squat plate and the inlet of the tank included
a manual ball valve to direct the wastewater to either the sewer line or the



Fig. 1. (A) Pictures of bathroom. (B) Schematic of the sensor-based data collection system.
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tanks. The tank lids were not air-tight to avoid buildup of gases inside the
tanks. Both tanks had an overflow connection to a sewer line.

Great care was taken to ensure that the plumbing did not perturb the
ability of the scales to weigh incoming liquid nor cause any vibrations.
3

The pipe going into the feces tank was flexible and independent of contact
from anything other than the tank. The inlet pipe was rigid and supported
from the wall and did not touch the tank (Figure supplementary S1.1 A,
S1.2).
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At the beginning of each day of wastewater data collection, both tanks
were emptied to the sewer and rinsed and the scales were tared. The system
received toilet water for the workday (typically 10 am to 5 pm) while con-
tinuously recording weight with 1 s resolution, and after that time the
wastewater was diverted to the sewer. The weight was recorded using
open source software, “Simple Datalogger” on a laptop and converted to
volume using 1 kg = 1 L conversion, since the majority of the volume is
water. Calibration of the digital tank scales was performed prior to data col-
lection for each of the three periods of data collection and linearity from
triplicate measures was high, with R2 = 0.99.

2.4. Water quality measurements

TheUrine Trap toilet effluent streamswere sampled from the urine tank
and, using two different methods, from the feces tanks the day after
collection.

The urine tank contents were homogenized by stirring with a long glass
pipette and collected from a sampling port.

The feces tank collection took place after overnight settling so that the
supernatant of the feces tank was collected through the sampling port.
Then, a daily composite from the feces tankwas obtainedwith amaceration
pump (Jabsco 18950) installed in a recycling loop with the tank. The mac-
erator operated at 45 LPM and ran for a time proportional to the volume in
the tank and equivalent to 3 maceration cycles. After sampling, the macer-
ator pump was also used to empty the feces tank into the sewer.

Sterilized 250 mL or 500 mL volume bottles were utilized for sample
collection (Supplementary Fig. S1B).

The concentration in wastewater daily samples for the urine tank CU

and feces tank CF was measured for the following parameters: Ammonia
(NH3−N), Total Nitrogen (TN), Total Phosphorus (TP), Chemical Oxygen
Demand (COD) by a DR-900 (Hach, USA) colorimeter using vendor kits.
The kits were: for NH3-N Hach method 10,031 (range: 0.4–50 mg/L), for
TN Hach method 10,072 (range: 2–150 mg/L), for TP Hach method 8190
(range 0.06–3.5mg/L PO4

3−), and for COD - Hachmethod 8000 (measuring
range: 20–1500 mg/L).

Total suspended solids were measured as per TSS EPA method 160.2
and Total Solids following EPA StandardMethods section 2540 B. Electrical
conductivity (EC) was measured with Myron L Ultra meter II.

The separation efficiency η of a parameter with concentration C, e.g.
Total Nitrogen (TN), was a percentage measure of parameter concentration
diverted to the urine tank, which was weighed by volume using Eq. (1)

η %ð Þ ¼ ΔU � CU

ΔU � CU þ ΔF � CF
ð1Þ

ΔU, ΔF: Volume collected in Urine, Feces tank (L) daily, CU, CF: Param-
eter concentration in Urine, Feces tank (mg/L). The separation efficiency
for the supernatant of the feces tank was calculated using the same
Eq. (1) and the CF value measured from the supernatant.

2.5. Sensors for monitoring bathroom door and water use

As is customary in India, the bathroom included a water line that was
used for personal cleansing. The water tap was used for filling a 5 L bucket
that was used for both personal washing by a 1 L mug and for flushing the
toilet. A spray wand for personal wash was also connected to the same tap
to offer a hygienic alternative to the mug (Fig. 1A).

At the start of period 2, we began to record the water flowrate to the tap
by an electro-magnetic flowmeter (FMG71B-A-BSP, Omega Engineering,
USA) through a 4–20 mA datalogger (Hobo U120-006M, Onset Corpora-
tion, USA). The flowmeter was calibrated by collecting fixed volumes of
1 L, 2 L, and 4 L while recording the time to obtain flowrate. The measured
flowrate and flowmeter output values were in agreement with R2 > 0.99.
The water measurement apparatus and the scales of Site A were transferred
to Site B for data collection in period 3.
4

In order to establish the duration of a bathroom visit, a magnetic door
switchwas installed at Site B. The door switch collected binary data indicat-
ing a change door status (open or close) and was connected to a pulse data
logger (Hobo UX120-017, Onset Computer Corporation, USA).

2.6. Event determination and duration

A use event was defined as the use of the bathroom and generation of
wastewater detected by at least one of the two digital scales. Within an
event, a multiplicity of subevents could take place: two types of physiolog-
ical subevents include urination and defecation, as well as user actions such
as personal cleansing, by either the spray wand or the mug, and toilet
flushing.

We treated the digital scale data collected for n seconds as a time series
F ={f1, f2,…fn} from the feces tank scale and U ¼ u1, u2, . . . unf g from the
urine tank scale. The determination of each use event was carried out by
adopting four steps: starting point detection, end point detection, event
filtering, and event combination.

2. End point detection. tei is the end time location of the i-th use event if
d2F
dt2 ≤ 0

� �
∧ d2U

dt2 ≤ 0
� �

for all t ∈ (tei, tei + the], where d2y
dx2 denotes the

second derivative of y with respect to x, the defines the time required
for the scale reading to be constant for the determination of an end
point.

3. Event filtering. i-th event is recognized as noise and removed if changes
in tank scales' weight are below pre-defined threshold, specified as
(ftei − ftsi ≤ thf) ∧ (utei − utsi ≤ thu).

4. Event Combination. After all starting and ending points have been iden-
tified, two adjacent events (tsi, tei) and (tsi+1, tei+1) are combined as
(tsi, tei+1) if the distance between them is below a pre-defined thresholds
thc where the distance is defined as tsi+1 − tei.

In this study, we selected the following empirically derived parameter
values ths = 10 s; the = 5 s; thf = 0.05 gram; thu = 0.05 gram; thc = 60 s.

For each use event, we calculated its duration (tei− tsi) as the feature for
the classification of an event to be labelled as a urination or a defecation
event. Since no ground truth data on the labels was known, the unsuper-
vised method Gaussian Mixture Model (GMM) was used to cluster the de-
tected events into two groups (Reynolds, 2009). Note that GMM is a
probabilistic model based on a linear combination of K Gaussian distribu-
tions, as shown in Eq. (2):

p xð Þ ¼ ∑
K

i¼1
αip xjμi, σ2

i

� �
(2)

where p(x|μ,σ2) represents the probability density function for a Gaussian
distribution with mean value of μ and standard deviation of σ. In addition,

α is the mixture coefficient, ∑
K

i¼1
αi ¼ 1. In our study, we set K=2 assuming

that there were two probability distributions modeling the duration of a
bathroom visit for a urination and a defecation respectively. We used the
Expectation-Maximization (EM) algorithm (Eq. (3)) for fitting the model
by maximizing the likelihood function:

p xð Þ ¼ ∏N
i¼1p xið Þ (3)

whereN is the number of data points. Python and scikit-learn package were
used for the implementation (Pedregosa et al., 2011).

1. Start point detection. tsi is the start time location of the i-th use event if
(ft+1 − ft > 0) ∨ (ut+1− ut > 0) for all t ∈ [tsi, ts+ ths) where ths is a pa-
rameter which depends on the scale response time to a change in weight
and defines the time required for the scale reading to be changing to
determine the start point.
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2.7. TN separation efficiency model

Wastewater generation patterns from the urine and feces scales were
used to model the TN separation efficiency, ηpredicted. We adopted the
following procedure:

1. Measure Volume increase and determine event type. For each day when
an aggregated TN value was measured by a chemical assay, we exam-
ined the signals plots and obtained ui and fi values during the urination
for each i-th use event. We used the criteria listed in Supplementary
Table S4 and S5 to define urination and hygiene activities and volume
increase attributed to water (i.e., washing, flushing) were excluded.
The occurrence of a defecation was determined based on temporal dura-
tion. For eventswhere urinationwas not a distinct sub-event, volumes of
ui = 133 mL urine and fi = 80 mL were used; these were obtained from
averages of all events from this analysis.

2. Calculate TN (g)mass generated per day. Defining A (g/L) as the concen-
tration of TN in urine, and D (g) as the TN per defecation, we calculated
the nitrogen content of both tanks asTNU=∑n

1ui ∗A andTNF=∑n
1(fi ∗A

+ D) for each day.
3. Minimize least square. Using the solver function in Microsoft Excel

for the A and D parameters, we minimized the difference between

calculated and chemically measured ( ∑
m

d¼1
TNU,calc � TNU,measð Þ2

� �
∪

( ∑
m

d¼1
TNF,calc � TNF,measð Þ2

�
).

4. Calculate predicted daily TN separation. Using the values of
A and D from the minimal least square, we calculated
ηpred ¼ TNU A,D

� �
= TNU A,D

� �þ TNF A,D
� �� �

.

3. Results

3.1. Baseline characterization of system response and volume separation

Upon installation of the Urine Trap squat plate, the temporal and vol-
ume response of the scale measurement system was assessed by pouring
known amounts of water (100, 200 and 300 mL) from a bottle with an or-
ifice in the lid to qualitatively emulate urination (Supplementary 2). Sepa-
ration efficiency, ηvol (calculated using Eq. (1)), was in 80–90 % range at a
physiological flow rate of 13 mL/s, and decreased to 60 % in the case of
large volumes pouring rapidly at 23 mL/s.

Given this volume separation efficiency of the Urine Trap toilet, the ex-
pected nutrient separation efficiency was calculated. The normative value
of TN distribution in urine and feces per person per day is 11 g in urine
and 1.8 g in feces (Rose et al., 2015) (details in Supplementary material 3).

In the ideal case of 100 % of urine going to the urine tank and the feces
to the feces tank, the separation efficiency is Ideal ηΤΝ =11/(11+ 1.8) =
86 %. The measured separation efficiency could be even higher than the
ideal 86 % if defecation were rare, as could occur in a workplace toilet. Ac-
counting conservatively for a volume separation efficiency of the Urine
Trap of ηvol ~ 80 %, the expected separation from this field test was Ex-
pected ηΤΝ = Ideal ηΤΝ * ηvol ~ 70 %.

3.2. Waste stream nutrient content and separation

Nutrient contents and other physico-chemical parameters were mea-
sured daily on the two wastewater streams generated by users of the
Urine Trap for the three periods of this study.

The TN values in the urine tank (average TNU=435mg/L) were found
to be consistently higher than in the feces tank TNF = 92 mg/L (Fig. 2A),
with a wide range of daily variability. Since urine TN content is in the
range 4000–14,000 mg/L (Rose et al., 2015), TNU = 435 mg/L suggests
that urine in the urine tank was diluted by wash water entering this waste
stream by a factor of 10 to 30.

The volume of the feces tanks ranged from 60 to 160 L per day, while
the urine tank collected a much smaller volume of 6 to 23 L/day
5

(Fig. 2B), corresponding to a volume separation efficiency of ηvol = (89
± 2)%, (n=50) consistent across sites and periods. This high volume sep-
aration illustrates that the liquid separation of the Urine Trap squat plate
was effective and indicates that only a small fraction of flush water entered
the urine tank. The volume separation efficiency ηvol does not correlate
with the TN separation efficiency ηTN, since the latter depends on the
amount of urine that enters in the feces tank.

Fig. 2C illustrates the separation efficiency ηTN calculated from the
values of Fig. 2A and B and results in an overall separation efficiency of
36 %.

Table 1 contains the average values for nutrient separation efficiency
measured in this study by site and period over a total of 50 days of data
collection.

The measured ηTN = 36 % shows that a completely passive Urine Trap
toilet can remove a third of the nitrogen content from the waste stream and
provide a jumpstart to onsite wastewater treatment. As a reference, the
recently introduced ISO30500 standard for non-sewered sanitation system
indicates 70 % TN removal as the target for an adequate wastewater
treatment process (ISO30500, 2018).

This study also measured nutrient content data for the feces tank super-
natant because it was relevant to practical applications of the Urine Trap
system. Several emerging onsite treatment technologies treat the superna-
tant after settling (Trotochaud et al., 2020; Castro et al., 2021) and thus
the supernatant properties downstream from a Urine Trap toilet are rele-
vant as input for such technologies. Despite the fact that these measure-
ments are less rigorous than the homogenized tanks due to the effect of
sampling depth, the supernatant separation efficiency (on average ηTN_sup
= 45 %) was consistently higher than the one obtained from the homoge-
nized feces tanks.We attribute this outcome to the nitrogen content of feces
and the fact that the supernatant is expected to have lower fecal content
since the tank was left to settle overnight and settled solids contain
nitrogen.

Table 1 reports values for a second nutrient of environmental impor-
tance, Total Phosphorus (TP). While nitrogen is excreted mostly in urine,
TP has similar excretion in urine and feces so a lower reduction in effluent
load was expected. Using the midpoint of the ranges from Table S3, ideal
ηTP = 36 % and expected ηTP ~ 36 % ∗ 0.8 = 29 % were calculated and
ηTP = 18 % was measured.

While a degree of daily variability is expected in the measured nutrient
content, we note that there were systematic differences between period 1
and period 2 TN data, which were collected by the same system on the
same site. Such a difference was interpreted as the difference in the pool
of users and their hygiene practices and was the motivation to seek data
from a different pool of users at site B, which yielded similar results to pe-
riod 2. We hypothesized that hygiene practices are also the cause for the
ηΤΝ and ηTP to be approximately half of the values we expected, suggesting
that, in addition towashwater entering the urine tanks and diluting the TN,
a significant amount of urine also ends up in the feces tank.

In order to interpret the performance of the Urine Trap under user test,
we examined the temporal data from the digital scales to gain insights into
hygiene practices.

3.3. Temporal dynamics of waste streams during toilet use

Because of the large amount of data from recordings from digital scales
at 1 Hz resolution for the number of toilet uses recorded in this study, a py-
thon script described in Methods was developed to automatically extract
the section of the data time series corresponding to each use of the toilet.
Developing such a method was associated with challenges because of the
multiplicity of subevents that may take place during a toilet use including
use of spray wand, mug and bucket for hygiene purposes in addition to
physiological excretion Supplementary S2).

To facilitate the interpretation of wastewater generation patterns and
importantly to determine the start and end time of an individual use of
the bathroom, temporal data from the water flow sensor was evaluated.
Water sensor data was found to be not useful, because the water line was



Fig. 2.Data was collected in 3 periods indicated by vertical dashed lines: at site A for 14 days (period 1) and after a pause again for 20 days (period 2); site B 16 days (period
3). (A) Total Nitrogen daily values. (B) Daily volume in urine and feces tanks and number of uses. (C) Urine separation efficiency ηΤΝ. Blue lines are average values by period
from Table 1. Black horizontal line indicates ideal value ηΤΝ ~ 86 % and red line the expected ηΤΝ ~70 %.
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used both for self-washing and for filling the bucket for flushing, resulting
in non-specific signals. In period 3 of this study, the bathroomdoor opening
and closing data from the door switch became available and it was used as a
reference and ground truth. In period 3, 176 toilet use eventswere recorded
according to the door sensor signal.

For all periods, the automatic event identificationmethod relied only on
the signal of the scales and on empirically defined thresholds.

The accuracy of the start/end times of bathroom use identified by the
script was verified against raw data; the event count for period 3 by the
script was of 165 events against a reference value of 176 events, an error
of 6 %. The automatic count excluded events of short duration below a
Table 1
Nutrient separation efficiency η (Ave ± S.D.) measured by site and study period, from

Time Site Days/uses ηΤΝ (%)

Period 1 A 14/243 28 ± 7
Period 2 A 20/422 41 ± 8
Period 3 B 16/176 40 ± 10
Overall – 50/841 36 ± 7

6

low cutoff of 15 s, which were interpreted as a mug pour and not as a phys-
iological event.

The automatic event identification method was used to obtain the num-
ber of bathroom visits for period 1 and 2 of the study in Table 1. This has a
total of 841 events using the value of 176 uses from period 3 determined by
the door sensor, or 830 events using the automatic event identification
method for all periods and 165 uses for period 3. The duration for each
event was plotted as a histogram in Fig. 3. The histogram excludes a hand-
ful of outlier events longer than 450 s.

Examining the histogram in Fig. 3, we expected to find a bimodal distri-
bution of duration based on the two physiological events of urination and
daily values for a total of n = 50 days.

ηΤΝ (%) supernatant ηΤP (%) ηΤP (%) supernatant

38 ± 7 NA NA
50 ± 7 17 ± 3 21 ± 5
48 ± 10 18 ± 11 23 ± 11
45 ± 6 18 ± 1 22 ± 1



Fig. 3. Histogram of duration of toilet use events for all the data (3 periods) of this
study. The two Gaussian distributions from the Gaussian Mixed Model (GMM) fit
represent: urination for mean duration of 61 s and defecation for mean duration
186 s. The intersection of the curves at t = 124 s is the threshold used to classify
an event as defecation.

Fig. 4. Sensor data illustrating a urination event. After the user enters the bathroom,
tap water starts to fill out a bucket, followed by 1.Urination 2. Cleansing 3. Bucket
flush. The arrow segment in the insert indicates the volume ΔU attributed to urine.
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defecation, with the latter being longer. Using the GMMmodel as described
in the Methods Section 2.6, we found two Gaussian distributions with
(mean, standard deviation) as (61, 30) and (186, 85) representing urine
and defecation events, respectively. The Probability density functions pu
for the urination event and pe for the defecation event are shown in
Fig. 3. We found a threshold t = 124 s, where put < pet if t ≤ 124 and put >
pet if t > 124. Note that 25 % of the events out of the 830 total number of
events in this study were above the threshold and therefore classified as a
defecation.

3.4. Wastewater streams patterns

Having segmented the data into toilet use events, the pattern of waste
streams within an event was examined to gain insights into subevents and
hygiene practices.

Fig. 4 illustrates urination-event time series data collected by the four
sensors: volume of UT and FT, water use, and door open/close. The data
in Fig. 4 was interpreted as the following: the user entered the bathroom
and closed the door, the water tap was opened tofill the bucket, then urina-
tion occurred and the squat plate directed the liquid to the urine tank, then
at time t ~ 40 s, wash water was used, followed by a bucket flush. The
volume of urine is estimated to be approximately 200 mL (double arrow
in Fig. 4 insert), and the overall volume of liquid in the urine tank is
500 mL, illustrating the wash water dilution of urine as reflected by TN
values in the urine tank.

To distinguish the user action of cleansing and flushing from physiolog-
ical excretion, a series of tests were conducted to measure system response
to simulated urination and to hygiene activities (spraying, mug pouring,
bucket pouring). The measured signal patterns over replicated tests were
used to identify characteristic flow rates (described in Supplementary
2) and were the source for criteria used for classification summarized in
Supplementary Table S5).

The event in Fig. 4 suggests that all the TN from urine is in the urine tank,
because the feces tank signal did not increase: this was the scenario the Urine
Trap squat plate was designed for. However, we found thatmanywastewater
patterns were different from this case as illustrated in Fig. 5.

Fig. 5A indicates that wastewater generation started with water
spraying, recognized by its high, non-physiological flow rate: this hygiene
practice improves cleaning of the toilet after use; unfortunately, it degrades
the teapot effect that the Urine Trap separation is based on and causes urine
and its nutrients to distribute across waste streams. Fig. 5B was interpreted
as a defecation because of its long duration and various mug pours as
7

labelled by the numbers in the figure. Fig. 5C illustrates a urination that
ends up mostly in the feces tank. We believe this pattern may be caused
by different body positions of the user or by deliberately choosing to aim
at the feces hole instead of the flat ceramic portion of the plate; we labelled
this pattern as urination – alternative. The flow meter data was also re-
ported in all panels of Fig. 5 to illustrate its poor discriminatory value
since the water was essentially running for most of the toilet visit.

Using the criteria of Table S5, all the data in period 3 and a subset of the
data in period 1 and 2 were analyzed for classification purposes, for a total
of 462 toilet uses. The number and percentage of subevent types that im-
pact nitrogen separation are listed in Table 2.

A striking result from Table 2 is that only a fraction (22 % to 46 %) of
toilet uses starts with urination. The practice of cleaning the toilet bowl
while using the toilet is frequent and particularly common in period 1,
the data set for which the ηΤΝ is lowest. Such practice alone does not impact
nitrogen separation; however, nitrogen separation is affected if it takes
place while the user urinates. There is also a considerable number of events
that we classified as urination in alternative positions: this is an important
parameter to track because it could be impacted by an education campaign
for users in future studies. Finally, the percentage of defecation events
(29 % to 37 %) was found to be higher than normative values for the
number of urination/defecation of a person per day (the number is 6/1,
assuming that one urination also occurs when a defecation occurs
(Rose et al., 2015) see Supplementary 3). It is possible that our classification
overestimates the number of defecations since our criteria relies on
duration, and multiple washes can also occur if the user does not feel well
or is menstruating. Nonetheless, there were defecations as indicated by
the very high TSS values in the feces tank and by the color of the sample
(Supplementary Fig. S1.1B). Because studies relying on theworkplace toilet
often capture mostly urine, we believe the observation of defecations
strengthens the case for this study to be representative of system perfor-
mance in all settings, not only public toilet settings.

3.5. Modeling TN separation efficiency

The subevent analysis in our study is most reliable for the 16 days of pe-
riod 3, where the door signal provided a valuable reference. For this subset



Fig. 5. Wastewater volume over time during a toilet use as defined by door close position. Flowmeter values are shown as a.u. (A) Spray/Pour first, unclear when a
physiological event occurs. (B) 1. a mug is poured, 2. urination, 3. pause attributed to defecation, 4. multiple flushes. (C) Alternative urination: liquid at physiological
flow rate went mostly in the feces tank.
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of 176 events, we attempted to use volume data attributed to urination and
D values to model the ηΤΝ measured for the 16 days of this period.

From the TN concentration and tank volume, the amount in grams of
TNU and TNF was calculated and is shown in Fig. 6 A-B. We observe that
the daily variation TNF correlated well with the number of subevents
equal to the sum of D and alternative urinations, while TNU correlates
well with the number of urination – first.

The predicted TNF and TNU were obtained as described by manually
assessing volumes ascribed to urination in each event and by fitting the pa-
rameters of A=CTN in urine= 1.98 g/L and D=0.7 g TN for a defecation
event. Using these values, the predicted TNF and TNU amounts approximate
well the measured values (Fig. 6 C–D).

The value of the parameter A= 1.98 g/L is below the range reported in
the literature (4–14 g/L) (Rose et al., 2015), and so is the case for D =
0.7 g/event, given the range 0.8–4.5 g TN/defecation reported in the liter-
ature (see Table S3) (Rose et al., 2015). This suggests that our wastewater
pattern analysis overestimated both the volume and number of the respec-
tive physiological events, and water was poured when we assumed a phys-
iological excretion. Nonetheless the wastewater volume patterns obtained
Table 2
Descriptive statistics of sub-events classified according to the criteria developed in
this study for 462 bathroom visits.

Event type Period 1
(28 % ηΤΝ)

Period 2
(41 % ηΤΝ)

Period 3
(40 % ηΤΝ)

Number Percentage Number Percentage Number Percentage

Bathroom visit 119 100 % 167 100 % 176 100 %
Urination - first 26 22 % 45 27 % 81 46 %
Alternative
urination

13 11 % 35 21 % 51 29 %

Start with
Spray/pour

80 67 % 87 52 % 44 25 %

Defecationa 34 29 % 61 37 % 52 30 %

a Not mutually exclusive to any of the other three event types.
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by the sensors enable the predicted ηΤΝ to describe accurately themeasured
ηΤΝ (Fig. 6E) and a linear fit between the two is shown in Fig. 6F. Overall,
this model supports our interpretation that hygiene practices and behavior
impact the separation efficiency.

4. Discussion

This study conducted user testing of the Urine Trap toilet in a relevant
environment with women workers who had unmonitored access to the sys-
tem. The study recorded as many as 841 uses collecting over two sites in an
urban region of southern India and in three different periods, thus we be-
lieve that our results are representative for this setting.

The Urine Trap appeared like a regular squat plate, thus it did not
change the user experience and operated completely passively, not requir-
ing any electricity. No maintenance of any kind was required on the squat
plate during the period of the study. The study determined the separation
efficiency by nutrients (TN, TP) and found that the Urine Trap toilet tech-
nology enables substantial separation of nitrogen from the wastewater
and some removal of phosphorus. The average removal was 36 % of nitro-
gen from the waste stream, or 45 % for supernatant and these values repre-
sent a valuable reduction that may ease the operation of onsite wastewater
treatment benchmarked by ISO30500 to removing 70% of the influent TN.

While effective, the separation efficiency of the Urine Trap squat plate
was significantly lower than the 70 % TN removal expected based on engi-
neering characterization. This observation underlines the importance of
field testing in relevant settings and drove the development of a method
to gain insights into user behavior that may impact system performance.

By instrumenting the wastewater collection tanks and bathroom stall
door and water line with sensors and recording with high temporal resolu-
tion, we demonstrated a method to non-invasively yet quantitatively gain
insights into user behavior in a private act such as toilet use.

Facilitated by automation in various aspects of the analysis, the exami-
nation of this dynamic dataset provided information on user actions and
practices. Informed by physiological parameters of urination and by the



Fig. 6.Modeled vs predicted daily TN values for 16 days in period 3. Measured daily values TNF (A) and TNU (B) relative to number of subevents. (C) and (D) TN amount
measured and predicted by waste stream. (E) ηTN predicted and measured by day. (F) predicted ηTN plotted against measured ηTN and linear fit.
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characterization of the measurement system, this study revealed the ability
to identify type of excretion and user washing habits and, importantly, the
timing of it, by using the two tank volumes. The door closure data was
found to be a valuable reference point, the water usemeter was not. The re-
sults showed that habits such aswetting the squat plate before usewas com-
mon. While this practice per se does not impact nitrogen separation, if this
is carried out while urinating, it degrades the nitrogen separation. Also, the
data shows that body position or aiming during urination has amuchwider
range of possibilities than originally envisioned.

A limitation of this study is that subevent classification relied on criteria
developed during “mockuses” of the toilet andwas not verified against user
survey. Another limitation was the use of empirically defined thresholds to
define specific patterns of use. This paper describes the rationale for the
choices and our team evaluated the robustness of the results, examining
values around the selected thresholds; however, we recognize that there
is a degree of arbitrariness in these definitions. We suspect that we
overestimated some of the reported results, possibly the number of defeca-
tions. Nonetheless the examination of the wastewater pattern and event
classification allows to reasonably model the nitrogen values measured in
the two waste streams.

The large dataset produced by this study has not been fully explored for
this manuscript and will bemade available to a public depository for others
to explore.

This evaluation of the Urine Trap flush toilet in South Asia yielded
several learnings that inform next steps.

While urine-separation toilets are largely unexplored in washing
cultures, our results suggest that source-separation can be implemented in
these settings despite personal wash water use creating challenges.
9

As informed by these experimental results, enhancement to the separa-
tion performance of the Urine Trap system are being explored by selecting
different materials/coatings for the toilet.

This team is also planning to conduct a survey of users with a detailed
questionnaire to validate the user actions and preferences identified from
sensor data.

The present study was an engineering evaluation that did not include
any user awareness of the technology. Prior studies on acceptance of
source-separating sanitation systems have suggested that public education
is needed to increase awareness and build trust with consumers
(Lamichhane and Babcock, 2013; Simha et al., 2021).

As next steps, we plan to evaluate how user education may improve sep-
aration performance with minimal impact on the user experience. For exam-
ple, we will test toilet-aiming stickers that are commercially available for
public urinals with the goal of reducing the occurrence of non-ergonomic
body position in urination, such as aiming at the back-exit (feces) hole.

5. Conclusion

This study conducted a field-testing evaluation of a novel design for a
urine-diversion flush toilet in a women's bathroom with personal wash
water. This passive system operated for over 841 uses without any need
for maintenance and collected a high nitrogen concentration liquid
(>400 mg/L) in the urine tank. The Urine Trap was effective in removing
approximately one third of nitrogen from the wastewater (36 % nitrogen
separation efficiency). Engineering characterization indicated that the
Urine Trap can achieve as high as 70–80 % nitrogen separation that was
not observed in this field testing due to user hygiene practices.
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By instrumenting the wastewater collection tanks and bathroom fix-
tures with commercial sensors, this study demonstrated a method to gain
insights into user hygiene practices. This sensor-based evaluation approach
and associated computational code for analysis provide a valuable tool for
non-invasively yet quantitatively analyzing the impact of user behavior in
sanitation-related studies.

Adoption of urine diversion solutions for nitrogen separation will be
greatly beneficial to the environment and increase sustainability, and learn-
ings from evaluation in relevant settings will inform technology develop-
ment and deployment strategies to maximize performance of source-
separating toilets.
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