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Abstract Shortages in nutrients and freshwater for a growing
population are critical global issues. Source separation of
waste streams combined with decentralized resource recovery
is a promising approach to address this problem. Urine con-
tains within 1% of household wastewater up to 80% of nitro-
gen (N) and 50% of phosphorus (P). Since microalgae are
efficient at nutrient uptake, growing them in urine is a prom-
ising technology to clean urine and produce biomass as fertil-
izer. The aim of this study was to develop a process for nutri-
ent recovery from minimally diluted human urine using
immobilized cultivation of microalgae on porous substrate
photobioreactors (PSBRs). Treatment of urine, unamended
except for a 1:1 dilution with tap water, was performed with
the green alga Desmodesmus abundans, chosen among 96
algal strains derived from urine-specific enrichments and cul-
ture collections. A growth rate of 7.2 g dry weight m−2 day−1

and removal efficiencies for N and P of 13.1 and 94.1% were
determined. Pre-treatment of urine with activated carbon was
found to eliminate potentially detrimental effects of pharma-
ceuticals. In combination with other technologies, PSBRs
could be applied in decentralized resource recovery systems,
helping to close the link between sanitation and food
production.
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Introduction

The availability of freshwater and nutrients to supply basic
human needs and ensure food security is among the major
future challenges facing humanity as a whole. In order to
produce food for a rapidly growing human population, indus-
trial agriculture is in demand of large quantities of mineral
fertilizer, mainly composed of nitrogen (N) and phosphorus
(P). In contrast to N, which can be acquired from the atmo-
sphere via the Haber-Bosch process, P is a finite resource
which is mined from mineral rock deposits. Projections pre-
dict the depletion of land-based P reserves within 50–
250 years (Isherwood 2000; Smil 2000; Cordell et al. 2009).
However, the P present in human urine and feces could ac-
count for up to 22% of global P demand if it were recovered as
fertilizer (Glibert et al. 2006). While the treatment of human
excreta thus presents a valuable opportunity to close the link
between sanitation and food, current technology is not de-
signed for this purpose (Verstraete et al. 2009; Ashley et al.
2011). Centralized municipal wastewater treatment plants are
using large amounts of (drinking) water to transport small
amounts of waste and due to this dilution are not effective at
recovery of resources (Dockhorn 2016).

A relatively new idea in applied research is the source
separation of household waste streams combined with
decentralized sanitation and resource recovery (Langergraber
and Muellegger 2005; Larsen and Lienert 2007; Zeeman and
Kujawa-Roeleveld 2011). The unifying principle is to sepa-
rately collect waste streams and to treat them on-site, aiming
for maximal resource recovery and water savings. Since urine
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contains in less than 1% of the total volume of household
wastewater up to 80% of the N and 40–50% of the P
(Wilsenach and van Loosdrecht 2006), it is an attractive
stream for the recovery of nutrients. Urine can be directly
applied to agricultural plots for fertilization, but several prob-
lems are associated with this practice such as runoff to the
environment, as well as volatilization of N depending on cli-
mate conditions (Rodhe et al. 2004). Furthermore large vol-
umes of liquid need to be stored and transported, since con-
stant application would oversupply the fields (Winker et al.
2009) and detrimentally increase soil salinity (Jönsson 2004;
Mnkeni et al. 2008). A technique to uncouple the application
of fertilizer from urine excretion makes use of bacterial hydro-
lysis of urea, by intentional precipitation of struvite, a mineral
containing NH4

+ and PO4
2− in an equimolar ratio (Ban and

Dave 2004; Ronteltap et al. 2007). The process can be realized
with simple means and has been demonstrated at pilot scale in
various studies (Lind et al. 2000; Adnan et al. 2003; Etter et al.
2011). Themajor shortcoming of this technology is the limited
N recovery potential, dictated by the 1:1 molar ratio of N and
P in struvite. Since N:P ratios in human urine can range be-
tween 30:1 and 50:1 (Putnam 1971), struvite precipitation
leaves the largest fraction of N unused.

An alternative can be the incorporation of nutrients into
microalgae, phototrophic organisms which are very efficient
at taking up these compounds. Although practical experience
is still scarce, microalgal biomass grown on wastewater might
be used as a slow-release fertilizer, due to its elemental com-
position being similar to that of plants (Kebede-Westhead
et al. 2004; Mulbry et al. 2005). Alternatively, high-value
compounds (e.g., pigments) could be extracted from biomass,
enhancing the economic feasibility of this approach (Cai et al.
2013). While there is a growing body of research dealing with
growing microalgae on urine for nutrient recovery, previous
studies have used a limited number of strains at high urine
dilutions (Adamsson 2000; Feng and Wu 2006; Yang et al.
2008; Chang et al. 2013; Jaatinen et al. 2016) and/or have
supplemented the urine with trace elements and additional
nutrients (Tuantet et al. 2014a; Tuantet et al. 2014b). In the
context of source separation for resource recovery, the use of
low dilution without the addition of chemicals should be im-
perative, in order to maximize the water and resource efficien-
cy of the process. Storage of urine under non-sterile conditions
leads to bacterial hydrolysis of urea into ammonium (NH4

+)/
ammonia (NH3), increasing the pH of the solution and shifting
the equilibrium between NH4

+ and NH3 towards the un-
charged ammonia (Warner 1942), which is toxic to all life,
including microalgae (Azov and Goldman 1982). The high
pH further causes volatilization of NH3, as well as precipita-
tion of phosphate-containing minerals (e.g., struvite or calci-
um phosphate), making urine an unstable liquid in storage
(Maurer et al. 2006). In order to prevent these detrimental
effects, using fresh urine to grow an alga that can metabolize

urea while exhibiting tight pH control is of utmost importance.
The selection of an algal strain that is adapted to growth on
urine might further circumvent the need for addition of
nutrients.

Previously employed suspension-based systems for
microalgal cultivation have major shortcomings when practi-
cally applied, most notably the high energy consumption for
separating biomass and water (harvesting) (Hoffmann 1998)
and high capital expenses CAPEX for reactors, which can be
preventive of application in the wastewater field (Acién et al.
2012). Submerged biofilm systems solve some of these issues
by growing a productive and dense biomass which is simple to
harvest (Kesaano and Sims 2014). Nevertheless, washout of
cells is commonly observed in such systems (Boelee et al.
2011; Posadas et al. 2013), leading to problems especially in
regions were the concentration of suspended particles in dis-
charge water is strictly controlled (Mallick 2002). A relatively
new approach to the technical cultivation of algal biofilms is
the Twin-Layer porous substrate bioreactor (TL-PSBR). Here,
cells are immobilized on a sheet-like porous substrate imper-
meable to them, but permeable to the liquid (e.g., wastewater)
and nutrients therein. The medium is applied to an inner sheet
and is transported down this layer by gravity. The low energy
demand for water circulation as well as the low water content
of the biomass and associated ease of harvesting and process-
ing of biomass make these systems attractive (Podola et al.
2016). The low shear forces to which cells are exposed further
enable the cultivation of a large diversity of microalgal species
(Nowack et al. 2005; Naumann et al. 2013; Benstein et al.
2014; Kiperstok et al. 2016). The system has previously been
employed for nutrient recovery from various municipal waste-
waters, both at the laboratory (Shi et al. 2007) and prototype
scale (Shi et al. 2014), but so far, not for the treatment of
source-separated human urine.

The aim of this study was to establish a robust process in
which PSBR-immobilized microalgae recover nutrients from
minimally diluted, unamended human urine at laboratory
scale. It was hypothesized that this could be achieved by iden-
tifying a suitable algal strain in a bioprospecting approach and
by the subsequent determination of optimal process parame-
ters in a technical environment.

Materials and methods

Nutrient determination

Nutrient measurements were based on spectrophotometric
analyses using an infinite PRO 200 96-well multiplate reader
(Tecan, Switzerland). Nitrate (NO3

−) was determined
according to Miranda et al. (2001), while ortho-phosphate
(PO4

−) was determined according to Murphy and Riley
(1962). Total N and total P were measured as NO3

− and
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PO4
− after a persulfate digestion based on Cabrera and Beare

(1993).

Urine batches

Three batches of human urine were used in the course of this
study. The details of the collections are summarized in
Table 1. Batch 0 was collected in 2015 from three male mem-
bers of the laboratory. Batches A and B were collected in 2015
and 2016, from student volunteers of both genders.
Collections lasted 3–5 days. During collection, urine was
stored in 25 L plastic containers at 4 °C. Once the collection
of one batch was complete, the volume was mixed and stored
frozen in plastic bottles of 1 L at − 20 °C until use. Electrical
conductivity and pH of urine as well as nutrient contents were
measured routinely before use of a batch.

When using urine of batch B, an inhibitory effect on algal
growth was detected. To alleviate this effect, urine was treated
with activated carbon in the following way: 10 g of activated
carbon type BCarbopal MB4^ (Donau Carbon, Frankfurt,
Germany) per 1 L of 1:1 (tap water) diluted urine was
suspended in the liquid and mixed thoroughly on a magnetic
stirrer for 10 min at room temperature. The particles were
filtered out by a series of decantations over coffee filters of
type BAromata No 4^ (Lidl, Neckarsulm, Germany).

Cultures and isolations

To find an algal strain optimally suited for growth on human
urine, two different strategies were employed: (a) isolation of
new strains from the environment using urine as growth me-
dium and (b) testing of established strains, isolated from
wastewater sources. The complete the list of strains which
were isolated and acquired from culture collections and used
in the screening can be found in the appendix (Table S1).
Isolations were performed by placing plastic containers with
urine of batch 0, diluted 1:1, 1:5, and 1:10 with ultrapure
water, in the garden of the Biocenter, University of Cologne.
These Btraps^ were left for 6–8 weeks in April and May of
2015, until algal growth was visible. The establishment of
clonal cultures was achieved through enrichment cultures,

set up by placing a subsample of urine in artificial growth
medium and incubating it at 23 °C and ~ 100 μmol photons
m−2 s−1 light intensity using a 14:10 h light/dark cycle. The
media used were Waris-H (McFadden and Melkonian 1986)
and BG-11 (Stanier et al. 1971) as modified by Naumann et al.
(2013). Isolation of single cells was performed using the
microcapillary technique, as described by Pringsheim
(1946). Once unialgal cultures were established, they were
made axenic by spraying onto an agar dish and subsequent
picking of a single colony, as described by Surek and
Melkonian (2004).

Suspension screening

The initial screening of algal strains for growth on urine was
performed in 96-well microtiter plates using undiluted, 1:1,
1:5, and 1:10 (MQ) diluted urine, resulting in triplicate cul-
tures of 200 μL each. Absorbance at 750 nm was used as a
proxy for growth. Inoculation was performed from log-phase
cultures, which were harvested and washed by centrifugation
and threefold replacement of the liquid with urine. Cultures
were inoculated at an absorbance of 0.1 and grown at 23 °C
and 80 μmol photons m−2 s−1 with 14:10 h light/dark cycle on
a LED table for 6 days. A negative control of non-inoculated
urine was used in each experiment, to account for bacterial
growth and other sources of background turbidity.

Experiments on Twin-Layer PSBR

Laboratory scale Twin-Layer experiments were conducted as
described by Schultze et al. (2015), based on Shi et al. (2007).
These publications can be consulted for a visual representation
of the experimental system. The presented results are the out-
come of three independent replications. Following a screening
to find the most suitable strain, physicochemical conditions
were optimized. Six hundred-micromole photonsm−2 s−1 light
intensity and a pH of 6.5 were then used to determine the
potential of nutrient recovery. A dry weight inoculation den-
sity of 2.5 g m−2 and a flow of CO2-enriched air (2.5% (v:v) at
1 L min−1) were used throughout. Liquid cultures used for
inoculation were maintained axenic, which was validated by

Table 1 Characteristics of
human urine batches used in this
study

Urine
batch

Number of
donors

Volume
(L)

Total N
(g L−1)

Total P
(g L−1)

pH Conductivity
(mS cm−1)

Experiment

0 3 6 5.76 0.29 6.74 15.75 Isolation and

Suspension
screening

A 53 25 3.70 0.21 6.97 6.51 Screening on
TL-PSBR

B 57 40 2.50 0.17 7.02 8.3 Nutrient recovery
on TL-PSBR
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microscopic visual inspection and subculturing in bacterial
standard medium (BSM), as described by Surek and
Melkonian (2004). Polycarbonate filter disks (Whatman,
Germany) with 0.2-μm pore size with an inoculation area of
0.254 cm2 were used for determination of growth, while a
nitrocellulose membrane of type BZeta-Probe^ (BIO RAD,
USA) with 0.45-μm pore size and an inoculation area of
0.3 m2 was used as a substrate layer for the nutrient recovery
experiment. All Twin-Layer experiments were conducted at
21 °C and dilutions of urine and replacement of evaporated
water were done using tap water, unless otherwise stated.
Medium volume was 0.5 L and it was exchanged after 4 days,
unless otherwise stated.

To determine the potential for nutrient recovery, the pHwas
kept constant by means of on-demand CO2 addition to the
medium, using a PH-803 system (Analytical Instruments,
Colombo, Sri Lanka) controlling a solenoid valve type 356
3/2NC G1/8 (ASCO-Numatics, Michigan, USA), which reg-
ulated a flow of 5% (v:v) CO2-enriched air when the set pH
value was exceeded. Concentrations of N and P were mea-
sured daily, and the experiment was conducted until no more
reduction in P was detectable. Algal biomass was scraped off
with a rubber spatula from the surface and washed in ultrapure
water by repeated centrifugation and exchange of the liquid.
This suspension was used for dry weight determination on
polycarbonate filters. Afterwards, biomass was ground with
a mortar and pestle and ~ 5 mg was weighed into tin cups for
analysis of nitrogen content with a Flash 2000 elemental ana-
lyzer (Thermo Scientific, USA). P content of the biomass was
determined by acid digestion according to Hu and Barker
(1999) and subsequent measurement of dissolved ortho-
phosphate as described above.

Statistics

All statistical analyses were performed with GraphPad Prism
software for Windows, version 6.01 (GraphPad Software,

USA). Comparison of replicate measurements was analyzed
by one-way ANOVAwith multiple comparisons and Tukey’s
post hoc test. Rates were calculated as linear regressions over
a certain time period. Comparison of rates was performed by
analysis of covariance with multiple comparisons.

Results

Of the 24 isolates recovered from the urine traps, most
belonged to the green algal classes Chlorophyceae and
Trebouxiophyceae, while a smaller number was made up
of Cyanobacteria and Bacillariophyceae. The most abun-
dant species were Chlorella spp. and Chlamydomonas
spp. (see Table S1 for a full listing and designations of
the strains isolated and used for screening). In a first set of
experiments with strains CCAC 3496, CCAC 0126, and
U5.5, satisfactory growth was observed for all dilutions
but not for undiluted urine. To optimize water efficiency
of the system, a 1:1 dilution was chosen for all further
trials. Of the 96 strains, which were screened, 9 displayed
an increase in absorbance between day 0 and day 6 which
was higher than that of the negative control and thus un-
equivocally associated with algal growth (Fig. 1).

These strains were used for comparing their growth on
urine using the Twin-Layer PSBR system (Fig. 2). Between
days 6 and 9, all strains, except for Desmodesmus abundans
CCAC 3496, showed a decline or stagnation of biomass. Only
this strain showed linear growth for a period of 9 days. To
validate this result, the test of growth with this strain was
repeated. The slopes (growth rates) of the two runs were found
to be statistically not different (P = 0.2906). The pooled
growth rate can be expressed as 10.33 ± 0.354 g m−2 day−1.
This strain was selected for further experiments.

When urine of batch B was used to grow D. abundans
CCAC 3496, an unexpected decrease in biomass growth, con-
current with a gradual bleaching, was observed (Fig. 3a). This

Fig. 1 Summary of suspension screening. Increase in absorbance at
750 nm between day 0 and day 6 was used as measure of growth.
Mean absorbance of negative controls was subtracted and only positive
values are shown. a Desmodesmus sp. (U 2.4). b Desmodesmus
abundans (CCAC 3496). c Chlamydomonas sp. (U 5.5). d Chlorella

sp. (U 2.1). e Halochlorella rubescens (CCAC 0126). f Chlorella sp. (U
10.10). g Monoraphidium cf. litorale (VZ 246). h Chlamydomonas sp.
(BI 11). i Chlorella sp. (VZ 392). Full strain designations are found in the
supporting information (Table S1). Values represent the mean ± SD
(n = 3)
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Fig. 2 Summary of immobilized screening. Biomass growth of algal
strains on 1:1 (tap water) diluted urine of batch A. a Desmodesmus sp.
(U 2.4). bDesmodesmus abundans (CCAC 3496). cChlamydomonas sp.
(U 5.5). d Chlorella sp. (U 2.1). e Halochlorella rubescens (CCAC
0126). f Chlorella sp. (U 10.10). g Monoraphidium cf. litorale (VZ

246). h Chlamydomonas sp. (BI 11). i Chlorella sp. (VZ 392). Full
strain designations are found in the supporting information (Table S1).
Values represent the mean ± SD (n = 3). The experiment with D.
abundans (CCAC 3496) was repeated (triangles). Lines represent linear
regressions

a a1

b b1

Fig. 3 Effect of activated carbon
on algal growth on urine of batch
B. a Untreated urine. b Activated
carbon-treated urine. Left panels
show biomass over time and right
panels show photographs of
filters with algal biomass on day
12. Scale bar is identical for both
images. Line represents linear
regression. Values represent the
mean ± SD (n = 3)
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effect could be alleviated when urine was treated with activated
carbon (Fig. 3b), although this treatment resulted in 17.19 and
10.11% removal of total N and total P, respectively. After acti-
v a t e d c a r b o n t r e a t m e n t , a g r o w t h r a t e o f
7.216 ± 0.2319 g m−2 day−1 was achieved.

To assess the potential of recovering N and P with
immobilized D. abundans CCAC 3496, a surface of 0.3 m2

was inoculated and urine was circulated for 5 days, until no
more change in P concentration was observable. The final
biomass on the reactor surface was 36.19 ± 2.945 g m−2,
which canbeconverted into a growth rate of 7.238gm−2 day−1,
assuming linear growth. The N and P content of this biomass
was 5.36% (w/w) and 2.1% (w/w), respectively. Thus, it can be
calculated that the portion of the removed elements, which
was recovered in the form of biomass, was 87.1 and 87.5%
for N and P, respectively (Table 2). The removal efficiency of
N was calculated to be 13.1%; hence, there were still signifi-
cant quantities of nitrogen present after 5 days. The efficiency
of removal for P was 94.1%; hence, almost all phosphorus had
been removed from urine at the end of the treatment.

Discussion

Comparison to other studies

This study used bioprospecting, which resulted in finding a
strain with good immobilized growth on minimally diluted
urine without the need for addition of trace elements or other
nutrients. The achieved growth rates between 7.216 and
10.33 g m−2 day−1 are comparable, yet somewhat lower, than
those found in the PSBR model green alga Halochlorella
rubescens on standard growth medium (Schultze et al.
2015). However, light intensities above 1000 μmol m−2 s−1

were used in that study, while the optimal light intensity forD.
abundans was 600 μmol photons m−2 s−1. When the biomass
productivity in this study is related to the volume of urine, a

productivity of 14.5 g L−1 day−1 can be calculated for the
growth surface of 0.3 m2. This compares favorably with the
9.3 g L−1 day−1 reported for a continuously operated flat-plate
photobioreactor treating urine augmented with trace elements,
in the only published study using urine at the same low dilution
(Tuantet et al. 2014b). When the authors enriched urine with
Mg and P and shortened the light path, productivity increased
to 14.8 g L−1 day−1. In the same study, nutrient removal of 87
and 76% was achieved for N and P, respectively. This N
removal efficiency is much higher than the efficiency obtained
in this study, which can be explained by the addition of P,
optimizing the N:P ratio. The higher P removal achieved in
the present study might be due to the addition of P by Tuantet,
et al. (2014b). It has to be stated that the operation in continu-
ous culture mode can compromise on performance as opposed
to batch mode. Furthermore, since operational parameters such
as light intensity and temperature differed between studies,
comparisons are inherently only approximations.

The present study shows a discrepancy between the amount
of nutrients which were removed from the liquid phase and the
quantities recovered in the form of biomass from the Twin-
Layer surface. Essentially, 16.9% of N and 16.5% of P
remained unaccounted for. Although this has not been quanti-
fied presently, this portion of nutrients was most likely bound
in the form of heterotrophic bacterial biomass which had vis-
ibly developed in the tubes and liquid reservoirs of the system.
A loss of N might also have been caused by bacterial transfor-
mation of ammonium to nitrate, during daytime aerobic con-
ditions, and subsequent denitrification during anaerobic condi-
tions in the algal biofilm at night. While nitrogen transforma-
tion is hypothetical, the possibility of anoxia in Twin-Layer
algal biofilms has been shown by Li et al. 2016. Whatever
the cause, this missing nutrient fraction shows the importance
of the bacterial population developing in any open treatment
system, even if the inoculum culture is sterile. It should be
stressed that the effect of bacterial communities must be taken
into account when using algae for wastewater treatment.

Inhibitory effects

Urine batch B contained a soluble dissolved compound or
element with an inhibitory effect, which could be excluded
from the liquid by activated carbon treatment. The most plau-
sible explanation appears to be a pharmaceutical, or residue
thereof, in this batch of urine. Urine is known to be the major
excretion route of drugs leaving the human body (Jjemba
2006; Bester et al. 2008). Among those most commonly used
are non-steroidal anti-inflammatory drugs (NSAIDs; e.g., ibu-
profen and diclofenac). NSAIDs have recently been tested for
their effect on axenic laboratory cultures of eukaryotic algae
(Bácsi et al. 2016). In this study, the growth of Desmodesmus
communis, a relative to D. abundans CCAC 3496, was
inhibited by various NSAIDs at concentrations of

Table 2 Nutrient removal and recovery by 0.3 m2 of immobilized
Desmodesmus abundans (CCAC 3496) from 1:1 (tap water) diluted
urine of batch B, pre-treated with activated carbon. Recovery efficiency
is the percentage of the total nutrients removed found in biomass.
Removal efficiency is the percentage of initial amount of nutrients
removed in the treatment

Nitrogen Phosphorus

Removed from medium (mg) 81.25 ± 8.6 32.81 ± 3.9

Recovered in biomass (mg) 71.87 ± 2.26 26.8 ± 1.4

Recovery efficiency (%) 87.1 87.5

Initial amount (mg) 619.6 ± 15.74 34.55 ± 3.56

Left in medium (mg) 538.34 ± 11.32 1.74 ± 1.21

Removal efficiency (%) 13.1 94.1

Values represent the mean ± SD (n = 4)
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100 mg L−1. Cleuvers (2004) performed inhibition experi-
ments with Desmodesmus subspicatus and found that the
combination of four different compounds increased the inhi-
bition up to 75-fold. Activated carbon is known as an effective
adsorbent for a variety of organic and inorganic molecules,
mainly due to its large surface area, its internal porosity struc-
ture and presence of surface-binding groups (Yin et al. 2007).
Indeed, activated carbon treatment has been proposed as a
viable option for reducing the risk of the enrichment of phar-
maceuticals (e.g., antibiotics, beta blockers, and NSAIDs) in
decentralized sanitation and resource reuse systems (Udert
et al. 2015). In the case of the algal treatment studied here, it
appears that the use of activated carbon is a necessary safety
measure, ensuring that algal growth is not inhibited in the
presence of pharmaceuticals in urine.

Integration into a treatment system

To illustrate the application of this algal system in a
decentralized resource recovery situation, a scenario analy-
sis is presented here (Fig. 4), based on the following as-
sumptions: The basis is a three-person household, with an
average daily urine excretion of 1.4 L per person (Tortora
and Derrickson 2006). Averages from all collections in this
study are used for concentrations of nutrients in urine.
Long-term nutrient uptake rates are calculated using algal
growth rate and content of P in biomass, in order to level
out fluctuations, e.g., due to luxury uptake mechanisms
(Shi et al. 2007, 2014). Based on a growth rate of
7.25 g m−2 day−1, an uptake rate of 0.15 g P m−2 day−1

is thus estimated. A minimum of 7.5 m2 growth surface,
based on a single Twin-Layer PSBR module of 1.5-m
height and 3-m width (inoculated on both sides) is pro-
posed. Assuming year-round operation, the reactor would
produce ~ 18.5 kg dry algal biomass, available as fertilizer.
An estimation of the potential agricultural yield is based on
available data for a crop rotation system in India: Wheat

(Triticum aestivum) and soybean (Glycine max) are cultivat-
ed on the same plot of land (Damodar Reddy et al. 1999;
Aulakh et al. 2003). Considering P as the limiting nutrient,
an optimal dosage/yield relation was found for an applica-
tion rate of 2.62 g P m−2 acre−1 (Aulakh et al. 2003).
Assuming a short-term P availability from algal biomass
of 50% in soil (based on Mulbry et al. 2005), an agricul-
tural plot of approximately 66.5 m2 could be optimally
supplied with P. Based on Damodar Reddy et al. (1999)
and Aulakh et al. (2003), it can be estimated that about
31 kg of wheat grain and 16 kg of soybean could be
produced per year.

To eliminate all remaining N, the algal treatment should be
followed up by other steps such as zeolites (Ban and Dave
2004; Beler-Baykal et al. 2004), volatilization and re-
suspension via a microbial fuel cell (Kuntke et al. 2012), or
the completely autotrophic nitrogen removal via nitrate pro-
cess (CANON) (Ahn 2006). Final polishing of the effluent
could be performed in a sand or reed bed filtration (Ellis
1987; Green and Upton 1994), after which the purified water
might be used for irrigation of plants, toilet flushing, or be
discharged.

Due to the lower material input and potentially lower ener-
gy requirements for harvesting (Podola et al. 2016), the use of
Twin-Layer PSBR systems could make large-scale operations
more feasible than suspension-type PBRs. Should the stability
and safety of the process be validated at pilot scale, it could be
integrated into a decentralized sanitation and resource recov-
ery framework, providing slow-release microalgal fertilizer
for food production, partially closing local nutrient cycles
and decreasing pressures on freshwater reserves.
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Fig. 4 Flow diagram of nutrients and materials in a proposed
decentralized treatment and resource recovery system based on nutrient
recovery from source-separated urine microalgae immobilized on Twin
Layers. Nutrient excretion values are based on the estimates for a

household of three persons over 1 year, while plant growth parameters
are based on a P-limited soil, utilizing year-round crop rotation in a semi-
arid subtropical climate, according to Aulakh et al. (2003) and Damodar
Reddy et al. (1999)
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