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ABSTRACT

A new engineering concept, designed with separated urine/feces and graywater recovery,
was proposed, and the first steps in taking this concept from the planning stage to imple-
mentation have been taken using pilot experiments within a small village. The village
employs ecological toilet, equipped with 24 h ventilation, and constructed treatment wet-
lands consisting of both vertical and horizontal subsurface wetlands for graywater recovery.
The quality of recovered graywater was similar to that of the water found in the adjacent
stream, which is a concept of zero discharge system with graywater. Separated urine, in
either fresh or stored form, was diluted with collected rainwater and with reused water
without any detergent from a sink, to be supplied to vegetable garden as fertilizer. Sepa-
rated dried feces were composted in the garden for approximately 3months and then used
as fertilizer. Dried and composted feces, together with stored urine, were characterized in
terms of microbial community using pyrosequencing, to identify the presence of any poten-
tial pathogens, in order to confirm the system provides safe hygiene. Hypothesized idea of
a micro-algae farm within the village might be proposed with separated urine serving as
nutrients for algae that could in turn be cultivated as biofuel (diesel) produced from
extracted lipids of algae. Through this pilot village test, we have taken a great stride
towards practical realization of experimental concepts, in the form of this new urban water
management model with ecological sanitation.

Keywords: Urban water management; Ecological sanitation; Treatment wetland; Urine; Feces;
Water recovery

1. Introduction

Considering that urine and feces waste consists of
nitrogen, phosphorus, carbon, and others, this charac-

terization might seem misapplied. However, the scale
of the problem highlights why wastewater treatment
is an important area in need of improvement: the city
of Seoul, for example, with a population of approxi-
mately 10 million in 2012 [1], excretes approximately
12 and 31% of total nitrogen (TN) contained in the*Corresponding author.
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influent of raw wastewater into the wastewater treat-
ment plants, through urine (approximate 19% of N,
5% of P, 17% of C, 6% of Ca, and 53% of others, as
based on dry mass) and feces (approximate 7% of N,
5% of P, 50% of C, 5% of Ca, and 33% of others, as
based on dry mass), respectively. A single person
excretes approximate 1.0–1.3 l of urine and 135–270 g
of feces in average per day [2–5].

It is not difficult to envision a much better
water-quality management plan for the Han River.
This river receives the discharged effluent waters
from Seoul’s wastewater treatment plants, and sepa-
rating out these wastes from the water would be
both environmentally friendly and more efficient.
Our proposed plan to enact this waste separation
may be only a virtual concept, but it can be exe-
cuted through existing engineering concepts such as
separation of urine, ecological sanitation system, and
others.

Urine for fertilizer can be used in either a rela-
tively fresh form or stored for a period (>6months)
[6]. After a certain period of storage, urine undergoes
significant change in chemical characteristics: the
major nitrogen form turns from urea to ammonia (due
to urea hydrolysis), with subsequent significant

Fig. 1. Concepts of water reuse, water recycle, and water
recovery.
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Fig. 2. Summary of (a) contaminants control and (b) average loading (based on removal) by horizontal subsurface flow
treatment wetlands (drawn using data provided in the reference; data represented here exhibit high and low limits, med-
ian, and first and third quarter values) [12].
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increases of pH and conductivity [7]. Treatment wet-
lands have been recognized as desirable methods for
wastewater treatment because of low energy con-
sumption and maintenance requirements [8]. Espe-
cially, reclamation of graywater using treatment
wetland has been being studied to reduce fresh water
consumption in households [9,10]. In this project, to
demonstrate the possibility of applying practical
engineering concepts for urine/feces separation from
sanitation processes and subsequent graywater recla-
mation implementation, a pilot experiment with a
relatively small village having 23 houses has been
attempted. All houses used in the test employed an
ecological toilet system equipped with a ventilation
unit. With separation of urine and feces from
sanitation, different concepts of reusing water can be
implemented; thus, in this paper, three different termi-
nologies regarding re-using water are introduced,
namely, water reuse, water recycling, and water recov-
ery (denoted as water 3R), as conceptually represented
in Fig. 1. These distinctions are similar to the ones
made in solid waste and resource recovery [11]. The
act of using used water without any prior treatment is
defined as water reuse. When used water is sent back
to a certain treatment step, depending upon water
quality, prior to being discharged to wastewater man-
agement, it is defined as water recycling. When used
water is sent back to a certain treatment control step,
after being discharged to wastewater management,
such as sewage, it is defined as water recovery. In this
paper, three different terminologies (with different
meanings) of re-using water in the pilot tests are
utilized.

As shown in Fig. 2, control efficiency values, taken
from 17 different case studies, vary widely but show
some potential of contaminants control, depending on
conditions in 11 different countries [12]. After contam-
inant control with treatment wetlands, water is
expected to be reused (as in the concept of water
recovery) after identification of water qualities; in this
pilot experiment with the village, recovered water was
sent back to each house to be further used for garden-
ing. Contaminants removal rates (Fig. 2(a)) and load-
ing rates based on removed contaminants with
horizontal subsurface treatment wetlands (Fig. 2(b))
are summarized. These were used as a reference to
design the treatment wetlands with graywater from
the pilot village in terms of required surface area of
treatment wetland with graywater loading.

Nutrients contained in wastewater effluent can be
used to grow micro-algae, which in turn can provide
lipids to be transformed into biofuel (e.g. biodiesel)
[13]. Similarly, it can be expected that urine (either
fresh or stored) is used as nutrients for micro-algae

cultivation, which leads to a concept (represented in
the Concluding Section, in this paper) in which sepa-
rated urine is not mixed with graywater but may be
used in a micro-algae farm [14]. Insights on both
nutrients specification (especially nitrogen (urea,
ammonia, or nitrate/nitrite)) and levels of salts may
be elucidated prior to being used as food for micro-
algae; thus, in this pilot experiment, both fresh and
stored urine were characterized in terms of nitrogen
speciation, and salts levels were attempted to be con-
trolled using a nanofiltration (NF) membrane.

2. Material and methods

2.1. Urine and feces sampling

Urine, both fresh and stored for a certain period
(generally longer than 6months), was used as fertilizer
after dilution for vegetable gardens in the village. The
water for dilution was collected into isolated tanks
from rainwater and used water which was drained
kitchen sinks (the concept of water reuse, as shown in
Fig. 1). The effects of using either urine fertilizer, or
fresh or stored urine on vegetation growth and other
agricultural results were not demonstrated in this
study, but urine fertilizer has been continuously uti-
lized by most houses in the village. Feces were stored
and dried inside the ecological toilets, and, then, trans-
ported to gardens after storing for approximately 3–6
months under ventilated conditions. Please note that a
major objective of this pilot experiment and subse-
quent paper is to deduce a new engineering concept
or idea to be practically utilized for urban water man-
agement; thus, not all the experiments in the pilot test
have been thoroughly conducted with robust evaluat-
ing measurements. However, hygiene of using both
urine and feces was checked, with respect to its micro-
bial community using a genetic approach; the bacterial
16S RNA gene was used for pyrosequencing [15–18].
One liter of stored urine was taken from one of the
houses where urine is used as fertilizer. Dried feces
and compost were also collected from the same place.
Those samples were transported to the laboratory
within 24 h and then stored at 4˚C until further analy-
ses. The water quality of rainwater was monitored for
one year in 2012, in terms of pH, TOC, TN, ammo-
nium ion, and selected heavy metals, including lead.
Data were not shown in this paper. Only ammonium
ion levels were somewhat high (approximately >3
mgN/l (>5 mgN/l as TN)), especially in spring season
compared to other seasons. However, there were no
significant obstacles to using rainwater as the water
component of the reusing urine schemes previously
described. With urine and feces being separated, only
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graywater is conveyed to the treatment wetland. With
a treatment capacity of 15m3/d, in the pilot village;
the wetland employs vertical followed by horizontal

subsurface flow types of constructed systems, as
planned, designed, and being operated based on treat-
ment efficiencies and removed loading rates obtained
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Fig. 3. Observed contaminants controls in the treatment wetland of the pilot village, with respect to DOC and nitrogen,
in terms of removal efficiencies and levels in the effluents (WW: wastewater, i.e. graywater; WEW: effluent of the treat-
ment wetland).
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Fig. 4. Results of microbial community analyses, using pyrosequencing, in phylum levels, with stored urine, dried feces
after approximately 1month storage under ventilation, and compost with dried feces mixed with gardening soils after at
least 3months composting.
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from the published results, as depicted in Fig. 2(a)
and (b) [12].

2.2. Water quality analysis

The water qualities of urine, graywater, and
reclaimed graywater through treatment wetland were
analyzed. Levels of dissolved organic carbon (DOC)
and TN were measured using a non-purgeable
method with an organic analyzer (TOC-VCPH, TNM-1
Shimadzu, Kyoto, Japan). Ammonium, nitrate, and
nitrite levels of samples were measured using an ion
chromatography apparatus (DX-120, ICS-90, ICS-900,
Dionex, CA, USA), equipped with an IonPac columns
(AS14 and CS12A, Dionex, CA, USA). Due to concen-
tration of various ions and DOC contained in urine,
too high to be measured, the samples were diluted
prior to measurements (1,000-fold and 200-fold dilu-
tions with organic carbon and other ions analyses).

2.3. Pyrosequencing

With microbial community analysis using pyrose-
quencing, the total bacteria genomic DNA was
extracted using a Fast DNA SPIN Kit according to the
manufacturer’s instructions. The extracted DNA was
amplified using suitable forward and reverse primers
targeting the V1 to V3 regions of the bacterial 16S
rRNA gene. PCR reaction was performed under the
following conditions: initial denaturation at 95˚C for 5
min, followed by 30 cycles of denaturation at 95˚C for

30 s, annealing at 55˚C at for 30 s, and extension at
72˚C for 30 s; followed by final elongation at 72˚C for
7min. The amplified products were purified using a
PCR purification kit (Qiagen, Valencia, CA, USA), 1 μg
of each amplified product was mixed and subjected to
DNA pyrosequencing. The pyrosequencing was per-
formed at the Chun Lab, Inc. (Seoul, Korea) with a
454 Genome Sequencer FLX Titanium (Roche, Basel,
Swiss). Sequence reads from samples were separated
by unique barcodes. Then, the barcodes, linker, and
PCR primer sequences were removed from the origi-
nal sequencing reads. The trimmed sequence reads
were subjected to a filtering process where only reads
containing 0–1 ambiguous bases (Ns) and more than
300 base pairs were selected for the final bioinformat-
ics analyses. For the taxonomic assignment of each py-
rosequencing read, the EzTaxon-extended database
-(www.eztaxon-e.org) was used, which provides 16S
rRNA gene sequences of type strains that have valid
published names and representative phylo types of
either cultured or uncultured entries in the Gen Bank
public database with complete hierarchical taxonomic
classification from phylum to species.

2.4. Salt removal experiment

For a conceptual design of a micro-algae cultivat-
ing farm, certain levels of salts might be one of several
limiting factors for culturing, depending upon algae
species. Filtration experiments using a NF membrane
with a molecular weight cutoff (MWCO) of 250 Da
(membrane code NE70 from the Woongjin Chemical,
Korea) were attempted to reduce conductivity level,
with other nutrients, such as TN, being maintained to
the highest level. Besides a nominal MWCO value
provided by the manufacturer, the MWCO was identi-
fied using the fractional rejection method developed
in a previous paper [19]. The tested NF (polyamide
thin-film composite) membrane exhibits negative sur-
face charges at the pH range of 4–10, as measured
using the electrophoresis method with non-charged
nanoparticles [20]. Various urine samples were used
for the filtration, including raw (with conductivity,
DOC, and TN of 23,580 μS/cm, 4,591mgC/l, and
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Fig. 5. Percentage removal patterns of raw and diluted
urine samples, with respect to conductivity, DOC, and TN.

Table 1
The result of NF filtration depending on the urine dilution rate

Dilution rate Conductivity (μS/cm) DOC (mgC/l) TN (mgN/l)

10 349 204 362
100 29 19 35
500 13 4 7
1,000 7 3 4
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Fig. 6. Schematic representations of various potential engineering concepts merged with existing knowledge and results
from the pilot experimental data (titled Science Walden).
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6,612mgN/l), as well as 1/10, 1/100, 1/500, and 1/
1,000 diluted solutions. Filtrations were performed
using a small flat-sheet unit with an active surface
area of 96.0 cm2.

3. Results and discussion

3.1. Water quality monitoring

As depicted in Fig. 3, the treatment wetland in the
village exhibited very high (~75%), somewhat high,
and moderate/low capabilities (~25%) in control of
ammonia, DOC, and TN, respectively, through differ-
ent seasons, even though contaminants levels in the
wetland influents somewhat varied and nitrification in
the wetlands occurred. There are two reasons why TN
removals were relatively low. Firstly, TN levels were
relatively low in the influent, thus, the removals of
TN, through the constructed wetland, might be also
low, and, secondly, ammonium ion included in the
influent was believed to be converted to nitrate, thus,
the removals of ammonium ion and TN were rela-
tively high and low, respectively. Even with moderate
removal efficiencies, the TN in the wetland effluents
exhibited levels below a value of 10mgN/l, which can
satisfy both regulation values of TN of small (less than
50m3/d capacity) wastewater treatment (with a value
of 20mgN/l) and wastewater recovery (with a value
of 10mgN/l) plants in Korea [21]. Water qualities of
the treatment wetland effluents were almost similar to
those of adjacent streams (where wetland effluents are
supposed to be discharged) which exhibited DOC of
1.2 mgC/l and TN of 0.3 mgN/l. Most of the TN takes
the form of nitrates (less toxic than ammonia). In addi-
tion, the effluent was recovered to each house to be
reused, which may make the concept of zero dis-
charge sanitation and water-quality management sys-
tem into a reality.

3.2. Community structures in urine and fecal samples

Five major phyla, Proteobacteria, Firmicutes, Bacteroi-
detes, Spirochaetes, and Actinobacteria, were identified in
the pyrosequenced samples, as shown in Fig. 4. This
is in agreement with previous studies presenting that
these phyla are dominant with human gut and feces
[22–24]. From this analysis, it was confirmed there
were no pathogens in the pyrosequenced samples
(urine, dried feces, and compost). As hypothesized in
the background section focusing on urine, stored urine
was identified as a safe nutrients source with respect
to pathogens. Furthermore, both dried feces after
approximately 1month storage inside the sanitation
toilet with 24 h ventilation as well as compost (mixture

of dried feces and garden soil, and composted for
approximate for a period longer than 3months) were
also identified as safe to be used with respect to
pathogens. Proteobacteria were dominant in the urine
and dried feces samples, and Firmicutes were consid-
ered to be originated by soils from gardens [25].

3.3. Salt and nutrient removal efficiencies

As presented in Fig. 5, salts were effectively
reduced by the NF membrane filtrations, in terms of
conductivity, except with raw urine. Efficiencies of
DOC and TN removal were lower than that of con-
ductivity; this implies some possibility of being able to
provide nutrients solution, after NF filtration, with
certain relatively higher levels of TN and relatively
lower levels of conductivity than urine samples before
NF filtration. The result of NF filtration depending on
the urine dilution rate was shown in Table 1, which
presents measured values in terms of conductivity,
DOC, and TN.

Certain dilution rate for NF filtration can be
selected, depending on cultivating conditions for cer-
tain algae species which can be used to produce bio-
fuel.

4. Concluding remarks

In this paper, we have combined observed data,
experimental pilot test results, and problematic and
newly defined water engineering concepts in order to
develop an engineering concept or idea which can be
practically utilized for urban water management, in
conjunction with sanitation, wastewater, and even
energy technologies, as schematically depicted in
Fig. 6.
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