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ABSTRACT

The availability of mineral fertilizers is becoming more challenging in the future. In source separated
human urine, nutrient ratio is suitable for fertilizer use and nutrients are readily available for plants. In
this study the aim was to acquire scientific data of the environmental impacts and nutrient potentials of
wastewater separating systems, i.e. urine and blackwater source separation. At the same time, general
acceptance on the use of human urine in agriculture wanted to be improved. In addition, the value of
urine as a fertilizer was calculated. The focus of the study was on rural areas but comparison between
different systems included also the nutrient potential of urban areas as well. Based on the results, human
urine was found to be an environment friendly fertilizer. Applying source-separation systems in rural
areas, four times more phosphorus and over thirty times more nitrogen could be recovered compared to
the current wastewater treatment system. Furthermore, eutrophication impact is reduced to one fifth.
However there is a risk of increased soil acidification but it can be minimized with advanced spreading
techniques, like deep injection. The results of this study support the use of source-separation technol-
ogies for nutrient recovery.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Recycling of nutrients is recognized as one of the key elements
of the circular economy. This has been identified in several pro-
grams and targets nationally and internationally (Aho et al., 2015;
EUR-Lex, 2015; Pantsar et al., 2016). Recent scientific discussion
has brought up the question of the diminishing global phosphorus
reserves and thus the urgent need to seek for alternative sources of
phosphorus fertilization. Phosphorus is in many countries the
limiting factor in food production. The availability of affordable
mineral fertilizers is becoming more challenging and the prices are
expected to rise (Cordell et al., 2011). It has been estimated, that
there is relatively easily extractable phosphate rock reserves left for
about 50—100 years (Cordell et al., 2009). Additionally, nitrogen
fertilizer production is highly energy intensive. Therefore, we are
soon facing a situation where more intensive nutrient reuse will be
essential for producing food for the growing population. Thus, it is
of utmost importance to seek means to reuse all human and animal
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excreta in food production in a safe and sustainable manner.

Source separated human urine and feces are nutrient-rich bio-
masses and could be utilized more efficiently as fertilizers. Espe-
cially in urine, nutrients are in the right amounts and readily
available for plants and thus to be used in crop cultivation (Udert
et al., 2006). Use of source separated human urine offers an op-
tion to meet the demand of nitrogen fertilization. Urine can be
diverted from solid excreta to be used as a liquid fertilizer. This
diversion enables safe reuse of waste for agriculture purposes and
at the same time protects the natural water bodies from waste
pollution and eutrophication (Vinneras and Jonsson, 2002). Sec-
ondly, the use of such systems can be a valuable option next to the
current available sanitation to improve the state of sanitation and
lower water consumption. Closing the nutrient cycle by using urine
as a natural fertilizer can furthermore boost crop production.

In Finland 85% of the population is connected to sewer networks
and wastewater is treated in centralized wastewater treatment
plants (WWTP) (Sayla, 2015). In rural areas, wastewater is typically
collected in septic tanks or holding tanks and the sludge is trans-
ported to WWTPs for treatment. Currently, in the cities, there is a
considerable debt in the renovation of the sewer networks and
WWTPs (FCG, 2008). Also for that reason, time could be right for
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the reassessment of the existing wastewater treatment concepts so
that nutrient recovery would be better taken into account.

In many European countries, including Finland, urine is not
recognized as a fertilizer and a weak legal and institutional
framework makes it difficult to implement source-separating
technologies, as there is no market for the end products (EUR-
Lex, 2008; Richert Stintzing et al., 2007). However, there are also
European countries with a more positive attitude towards the fer-
tilizer use of human urine, like Sweden and Denmark (Spangberg
et al., 2014; Kvarnstrom et al., 2006). Unfortunately, urine is often
paralleled with municipal sludge, even if their properties and
process of formation are quite different. Many multi-national
companies have recently banned the use of municipal sludge as a
fertilizer in the fields from which they buy grain (e.g. Fazer, Viking
Malt). In some countries, like Germany, most of the municipal
sludge is incinerated, as a result of which, much of the valuable
nutrients are lost (Wiechmann et al., 2015).

The public opinion towards the use of human urine and feces in
crop cultivation is controversial with regard to hygiene and po-
tential harmful substances, like pharmaceuticals and hormones. On
average, two thirds of the drugs used by humans are excreted via
urine and rest via feces (Lienert et al., 2007). The potential health
risks associated with the use of urine and feces as fertilizers have
been extensively studied, and WHO guidelines have been devel-
oped for their treatment and use (WHO, 2006). However, there is
still limited information about the effects of harmful substances on
human health and soil biota as well as their accumulation in the
ecosystem.

Alternative technologies for nutrient recovery, such as dry toi-
lets, separating and vacuum toilets, would enable source separation
of urine and blackwater (i.e. urine and feces). These technologies
could be quite easily implemented in rural and new residential
areas. However, many factors are hindering the nutrient recovery
on a larger scale. In addition to negative attitude related to use of
human urine and feces in crop cultivation, the logistical chain,
including storage, transport and spreading, and legislative barriers
require solutions as well (Lienert and Larsen, 2010; Magid et al.,
2006). In Finland and in many other developed countries, only a
small part of the human-excreted nutrients are exploited in agri-
culture. Nowadays, nutrient-rich fractions, urine and feces, are
diluted with other wastewaters, and at the same time the recov-
erability becomes more difficult.

To recycle nutrients more efficiently, alternative wastewater
treatment scenarios were studied in more detail in this paper. The
use of source-separated human urine as a fertilizer was evaluated
for the first time in Finland. Blackwater separation systems were
included in the comparison as well, since the technology and lo-
gistics applied are simpler. In addition to theoretical calculations,
including life cycle assessment (LCA) and nutrient potential eval-
uation, presented in this paper, field demonstrations and fertilizer
tests were made in the two farms in Southern Finland (Viskari et al.,
2018). In this part of the study, amounts of pharmaceuticals and
hormones in the urine used as fertilizer were analyzed (total of 55
pharmaceuticals) as well as their presence in grains and soil after
the growing season.

2. Method
2.1. Alternative scenarios

Two alternative source separation systems were analyzed and
compared to the current wastewater treatment system (Fig. 1). The
focus was on rural areas but comparison included also urban areas
with regard to nutrient potential. As the cities and urban areas are
largely connected to sewerages, switching to alternative options

with nutrient recovery requires more extensive redevelopment and
investment than in rural areas.

2.1.1. Reference system

The reference system of rural areas (Fig. 1, AO/R) was defined as a
system in which all wastewater (urine, feces, greywater) from the
property was assumed to be treated on-site in a three-chamber
septic tank and in a following sand filter. Excessive sludge from
the septic tank was assumed to be transported to a WWTP 1.5 times
a year.

2.1.2. Urine separation system

In the urine separation system (Fig. 1, A1), urine, and feces were
assumed to be collected separately with a separating dry toilet. 95%
of the urine was assumed to be recovered, yet the rest ended up
with feces. Collected urine was assumed to be stored at the prop-
erty and transported once a year to a field to be used as a fertilizer.
Feces were assumed to be composted in a composter and the
compost used at the property. Greywater was treated similarly as in
the reference system, except that the septic tank sludge was
assumed to be transported to the WWTP once a year.

2.1.3. Blackwater separation system

In the blackwater separation system (Fig. 1, A2), urine and feces
were assumed to be collected together in a vacuum toilet system.
The mixture of urine, feces, and flush water (together blackwater)
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Fig. 1. Alternatives for nutrient recycling in rural areas compared to present situation
(reference system):

AO/R Reference system of rural areas: Wastewater is treated on-site and sludge from
the septic tank is treated in a WWTP.

A1 Urine separation system: Urine and feces are collected separately with a sepa-
rating dry toilet, urine is transported and used as a fertilizer, feces is composted on-
site, greywater treated similarly as in the AO/R.

A2 Blackwater separation system: Urine and feces are collected together with a
vacuum toilet system and transported and treated for fertilizer purposes, greywater is
treated similarly as in AO/R.
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was assumed to be transported to an anaerobic digestion plant once
a year. The digestate was assumed to be used for fertilizer purposes
and greywater treated similarly as in the urine separation system.

2.2. Common assumptions

A basic assumption of the amount of nutrients produced by one
person per year is given in Table 1.

2.2.1. WWTP

In every scenario the WWTP was assumed to consist of the
following steps commonly used in the Finnish WWTPs; pretreat-
ment, i.e. grit removal and screening, primary sedimentation,
activated sludge process with simultaneous precipitation and
drying of the sludge. Further processing of the sludge, i.e. digestion
and composting, was assumed to be carried out in a separate fa-
cility. The composted sludge produced as the end product was
assumed to be used almost entirely in landscaping (97%) and the
rest in agriculture (3%) corresponding to the current practice in
Finland (Eurostat, 2016).

The average treatment efficiencies of the five Finnish medium-
sized WWTPs were used in the calculations (VAHTI, 2015), and
were 98% for organic matter, 64% for nitrogen and 96% for phos-
phorus, respectively. The treatment efficiency of primary sedi-
mentation was assumed to be 30% for organic matter and 10% for
nitrogen. It was also assumed that roughly half of the organic
matter left after primary sedimentation is bound to the biomass in
activated sludge process, and roughly the same amount is evapo-
rated as a carbon dioxide as a result of microbial metabolism. Using
the nutrient ratio (C:N:P) of 100:5:1 in activated sludge phase, the
amounts of nitrogen and phosphorus bound to bio-sludge were 21%
and 11%, respectively. As a result, the emission factor for N, was
0.07 kg N2/Kg Ninfluent-

Air emissions of the WWTP, as well as energy consumption were
calculated according to the emission factors given in Table 2. Of the
chemicals, ferrous sulphate and lime were considered, with con-
sumption values of 0.18 kg FeSO4/kg Pipfluent and 0.064 kg CaO/kg
Pinfluent. respectively. For the excessive sludge, the value of 1.53 kg
sludge/m>influent Was used. Average dry solids content of the sludge
was 20.6% (HSY, 2014, 2015, 2016).

2.2.2. On-site wastewater treatment

In every scenario a reference system of on-site wastewater
treatment was assumed to be a septic tank and a sand filter. The
sand filter is constructed as a wide excavation filled with suitable
sand and gravel layers and wastewater infiltrates through the filter
bed and is collected into the pipes in the bottom and led to a
discharge. In the reference system of rural areas (AO/R) both
blackwater and greywater produced at the property were assumed
to be treated in the sand filter, while in the alternative scenarios (A1
& A2), only greywater.

The treatment efficiencies of the sand filter were assumed to be
90% for BOD, 70% for total phosphorus and 30% for nitrogen, which
are the minimum requirements according to the Finnish legislation

Table 1
The amount of nutrients produced by one person per year (Ministry of the
Environment Finland 157/2017; Udert et al., 2006; Weckman, 2005).

Fraction N (kg/a/person) P (kg/a/person) BOD; (kg/a/person)
Urine 4,13 0,40 1,83

Feces 0,52 0,21 5,48

Other 0,37 0,15 10,95

Total 5,02 0,75 18,25

(Ministry of the Environment Finland 157/2017). The treatment
efficiencies of the septic tank were assumed to be 27% for BOD, 23%
for total phosphorus and 9% for nitrogen, indicating that 80% of the
nutrients in feces and 5% in greywater were removed in the septic
tank (Ministry of the Environment Finland, 2017).

In Finland, the weather conditions fluctuate in the course of the
year (e.g. soil frosting, snowpack and melt). Emissions to water are,
therefore, difficult to measure. The eutrophication emission factor
(Lehtoranta et al., 2014) was used to describe the amount of nu-
trients ending up to freshwater ecosystem after initial emission
from the sand filter to the soil. The eutrophication emission factor
of the sand filter was set to 0.5 indicating that 50% of the nutrients
were assumed to be leached.

In the case of air emissions of the on-site wastewater treatment
only methane (CH4) and nitrous oxide (N?0) were taken into ac-
count, while ammonia (NH3) and nitrogen oxides (NOy) were
assumed to be insignificant. The same emission factors were
applied as in the WWTP, except the emission factor of nitrous oxide
was assumed to be a half of the one in the WWTP.

2.2.3. Home composting

Air emissions of home composting were calculated according to
emission factors given in Table 2.

It was assumed that in the home-compost, one third of litter,
mixture of peat (5kg/person/a) and wood chips (8 kg/person/a),
was added in relation to feces. Kitchen waste was not included in
the system boundaries. In addition to Table 2, an emission factor of
860 kg CO,/t peat (Manninen et al., 2016) was used for the degra-
dation of peat over a hundred year time horizon. However, the soil
emissions during the production of peat were ignored due to the
uncertainties involved and the low importance of emissions
(Gronroos et al., 2013). The eutrophication emissions from the
home composting were considered negligible.

2.2.4. Storage and transport of urine and blackwater

As a result of urea hydrolysis, urine pH rises, which expose to
ammonia loss during storage and transport phases of urine and
blackwater. As the loss of ammonia cannot be totally prevented, it
was assumed that 1% of the total nitrogen of urine (A1) and
blackwater (A2) evaporates as ammonia during storage at the
property and subsequent transport. Any air emissions from the
toilet systems were assumed to be insignificant.

2.2.5. Further processing of sludge, urine, and blackwater

In the scenario Al, the collected urine was assumed to be made
hygienic by storing on a farm at least 6 months, after which it will
be applied to field without further treatment. During the hygieni-
zation, 0.5% of the total nitrogen of urine was assumed to be
volatilized as ammonia mainly as a result of the uncontrolled
leakage (Udert et al., 2006). In the scenario A2, the collected
blackwater were supposed to be digested in an anaerobic digestion
plant.

The nitrous oxide released in the digestion was assumed to be
insignificant. 5% of nitrogen and phosphorus were assumed to
accumulate on the walls of the digestion reactor (Schievano et al.,
2011). In addition, 70% of nitrogen, 40% of phosphorus, and 35%
of organic matter of the sludge was assumed to end up in the reject
water of the digestion (Heinonen, 2014; Wager-Baumann, 2011).
The treatment of reject water was excluded from the system.

The dry matter content of the digestate to be composted was
estimated at 30%. The digestate was assumed to be composted
together with peat and silt in a ratio of 45% digested sludge, 36% silt
and 18% of peat (Metsapirtti Ltd). It was assumed that 55% of the
carbon is evaporated as carbon dioxide during composting
(Andersen et al., 2010, 2012; Brown and Subler, 2007; Osada et al.,
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Coefficients and emission factors used in the calculations.

Characteristic

Emission factor

Reference

WWTP

Energy consumption
Methane, CHy
Nitrous oxide, N,O

Ammonia, NH3
Nitrogen oxide, NOx
Anaerobic digestion
Energy consumption/
production

Methane, CHy

Carbon dioxide, CO, fossil
Composting

Energy consumption
Methane, CHy

Ammonia, NH3

Nitrogen oxide, NOy

0,48 kWh/mj3 v (electricity 0,36/heat 0,12 kWh/mj3

0,002 kg CHy4/kg BOD\y
0,022 kg Ny/kg Niy

0,00015 kg NHs/kg Nin
0,00062 kg NOy/kg Niy

consumption 0,22 kWh/m3 |y
(electricity 0,04/heat 0,18 kWh/mj3
production 0,46 kWh/mj |y (electricity 0,16/heat

0,3 kWh/m3
0,006 kg CH4/kg BOD\y
0,012 kg CO,, fossil/kg BODy

20 kWh/ty (dry cont. 30%)
0,02 kg CH4/kg BOD)y

0,066 kg NHs/kg Ny

0,013 N,O/kg Niy

Myllymaa et al. (2008); Poyry, 2007; Tampere Water, 2012, 2013; Tukiainen, 2009
Daelman et al. (2012) & 2013, HSY, 2014, 2015, 2016; Wang et al. (2011)

Foley et al. (2010), 2015; HSY, 2014, 2015, 2016; Kampschreur (2009);

Kosonen et al. (2016); Wicht and Beier (1995)

HSY, 2014, 2015, 2016

HSY, 2014, 2015, 2016

Myllymaa et al. (2008); Poyry, 2007; Tampere Water, 2012, 2013; Tukiainen, 2009

Daelman et al. (2012), 2013; HSY, 2014, 2015, 2016; Wang et al. (2011)
HSY, 2014, 2015, 2016

Myllymaa et al. (2008); Poyry, 2017, Tukiainen, 2009

Andersen et al. (2010), 2012; Brown et al., 2007; Osada et al. (2000); Washington State
University, 2016

Andersen et al. (2010), 2012; Brown et al., 2007; Osada et al. (2000); Washington State
University, 2016

Andersen et al. (2010), 2012; Brown et al., 2007; Osada et al. (2000); Washington State

University, 2016

2000). The dry matter content of the finished compost was
assumed to be 40%. Emission compensation was calculated for the
heat and electricity generated during the digestion.

Both the digestion and composting produces emissions both as
direct evaporation emissions and through energy consumption.
The energy consumption and production of the digestion and the
energy consumption of composting as well as emission factors used
in the calculation are given in Table 2.

2.2.6. Fertilizer use

Advanced spreading techniques (injection) were assumed to be
used in the application of urine, digested blackwater and digested
and composted sludge to the field. With these techniques ammonia
volatilization can be minimized even in a level of 1-10% (Johansson,
2001; Udert et al., 2006). The value of 15% was used for ammonia
volatilization and 1% for nitrous oxide (IPCC, 1996). The energy
consumption of potential pumping was assumed to be negligible.

Emission compensation was calculated for the fertilizer use of
urine, digested blackwater and digested and composted sludge
assuming that they replace mineral fertilizers. Only the amount of
soluble nitrogen was taken into account, and was assumed to be
100% for urine, 13% for digested sludge, and 8% for digested and
composted sludge (Salmela and Kymaldinen, 2014). For phos-
phorus, the values were, 100% for urine and 40% for both the
digested and composted sludge according to the terms of the
Finnish farmer support system.

2.2.7. Transport

The emissions of the vehicle used were obtained from VTT's
(Technical Research Centre of Finland) LIPASTO databases (2011)
(Finnish traffic exhaust emissions and energy consumption calcu-
lation system). Supplies related to maintenance of the systems
were not taken into account because they were assumed to be
associated with other grocery shopping trips (Table 3).

2.3. Nutrient potential

Mass balance calculation was used to determine the nutrient
potential per capita per year (g N and P/a/person). Also, the value of
urine as a fertilizer was estimated by calculating the prices of nu-
trients of mineral fertilizers and soil conditioners, as a reference. In
addition rough estimations of the annual costs, including

investments, use and maintenance, of source separation systems
compared to the reference system were made. The nutrient po-
tential of the current wastewater treatment system used in rural
(AO/R) and urban areas (AO/U) were compared to the alternative
scenarios (A1 and A2). The current wastewater treatment system in
urban areas is described in 2.2.1. Mass balance calculations were
made for nitrogen and phosphorus.

2.4. Life cycle assessment (LCA)

Environmental impacts of alternative systems (Fig. 1) were
analyzed by using comparative life cycle assessment (LCA) (ISO
14040, 2006; ISO 14044, 2006). The impact categories chosen
were climate change, freshwater eutrophication and acidification.
The amount of nutrients produced by one person per year was
chosen as a functional unit (Table 1). For impacts on freshwater
eutrophication Finland-specific characterization factors (for P, N
and NH3) were used (Seppala et al., 2004). For climate change and
acidification ReCiPe Midpoint H method was used and completed
with the updated global warming potential characterization factors
for CH4 and N,O (IPCC, 2014). Normalization was made by using
European level normalization factors (ReCiPe Midpoint H method)
where the impacts are compared to the European average annual
emissions of the consumption. No weighting was used.

Calculations and wastewater treatment scaling were made for a
household of three persons with 85% annual use. The total time
span for examination was 20 years. In addition, a complete reno-
vation of an old sanitation system was assumed at the property, e.g.
new toilet facilities, sand filter, sewer pipes etc. The basic as-
sumptions regarding the alternative scenarios are presented in
Table 4.

The system boundary was similar for each case (Fig. 2). Each
scenario included all related raw material extraction, trans-
portation, production of materials and components, energy pro-
duction as well as compensations from fertilizer and energy use.
The disposal and recycling of products were excluded. The primary
data were collected mainly from literature, and partly directly from
the companies. The secondary data were obtained mainly from
Ecoinvent (Swiss Centre for Life Cycle Inventories, 2007) and the
LIPASTO databases (VTT, 2011). Calculations were made by using
the Simapro-program.
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Table 3
Transport and distances.
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Transport type

Round trip (km)

Used vehicle

Equipment

Soil 50
Raw materials to the factory 30
Septic tank sludge 250
Urine to hygienization 50
Sludge to digestion 50
Blackwater to digestion 50
Digestate to composting 20
Compost to application 100

lorry (Euro 5, diesel, 9t full load)
semi trailer (Euro 5 diesel, 17,5t 70% load), full trailer combination (Euro 5 diesel, 40t full load)
full trailer combination (Euro 5 diesel, 40t full load)

lorry (Euro 5, diesel, 9t full load)

lorry (Euro 5, diesel, 9t full load)
full trailer combination (Euro 5 diesel, 40t full load)
lorry (Euro 5, diesel, 9t full load)
full trailer combination (Euro 5 diesel, 40t full load)

full trailer combination (Euro 5 diesel, 40t full load)

Table 4

The basic assumptions regarding the equipment in the alternative systems (Building information, 2013; Manufacturers).

Toilet system

AO/R Reference system of rural

areas

A1 Urine separation system

A2 Blackwater separation system

water toilet (20 years)

separating dry toilet (15 years)

vacuum toilet system (20 years)

Materials
Electrical equipment

Pipes, life span

28 kg porcelain

16 m (PP, 110 mm/15 years)

29 kg PE, 2,5 kg steel, 5 kg fibreglass
fan, 10 W (0,5 kg PE/8 years)

16 m (PP, @ 110 mm/15 years)

28 kg porcelain

vacuum pump, 900 W (10 kg bronze, 8 kg steel/8
years)

24 m (PP/PE @ 50 mm/15 years)

Holding Tank

150 kg PE, 2 m>, 15 years (storage of
urine)

265 kg PE, 5,4 m>, 15 years (storage of
blackwater)

Pipes, life span

10 m (PE, @ 110 mm/15 years)
(for ventilation)

Excavation for the holding tank and the pipes 30,5m> 42m?
there
Crushed gravel 5—16 mm (1,45 t/m?) 12m3 22m’
Composter 30 kg PE (20 years)
Sand filter black and greywater, 20 years  greywater 20 years greywater, 20 years

150 kg PE, 2 m>
105 m (PE, 110 mm)
2 % 20kg PE, 1701

Septic tank
Pipes
Distribution and sampling wells

112,5kg PE, 1,5 m?
92 m (PE, 110 mm)
2 % 20kg PE, 1701

112,5kg PE, 1,5 m>
92 m (PE, 110 mm)
2 x 20kg PE, 1701

Excavation for the filter bed and tanks 200 m> 166 m? 166 m>
Sand 0—8 mm (1,55 t/m?) 35m>/54t 27 m>/40t 27 m>/40t

- filter layer

Crushed gravel 5—16 mm (1,45 t/m>) 27m3[39t 25m3[36t 25m336t

- around pipes and tanks

Crushed gravel 8—16 mm (1,45 t/m?) 12m3/17,4t 8,5m3/12t 8,5m>/12t
- collecting layer

Crushed gravel 16—32 mm (1,5 t/m?) 15m3/22,5t 11m3/16,5t 11m3/16,5t

- distribution layer

3. Results and discussion
3.1. Nutrient potential

Path of nutrients in alternative scenarios is shown in Fig. 3.
According to the calculations made in this study, in the reference
scenario of rural areas (AO/R) two-thirds of nitrogen and one-third
of phosphorus gets into the environment (water/soil) through the
on-site wastewater treatment system. The amount of nutrients
reaching water bodies depend primarily on the location and type of

Fig. 2. Flowchart of the LCA system boundaries (example from the scenario AO).
Avoided processes include fertilizer and energy production.

the soil. At the same time only a tiny fraction of nitrogen and one
tenth of phosphorus ends up to the digested and composted sludge,
after the treatment in the WWTP. The nutrient potential in rural
areas is thus very small. This is mainly explained by the fact that
only the surplus sludge from the septic tanks is treated in the
WWTPs.

In the cities and urban areas roughly a fair half of phosphorus
and less than a tenth of nitrogen ends up to the digested and
composted sludge (AO/U). The disadvantage with WWTP sludge is
that phosphorus is mostly combined chemically and is therefore
not easily available for plants. On average more than a third of ni-
trogen ends up to water bodies and a significant part of nutrients to
reject water of the digestion which, in many cases, is conducted
back to the beginning of the WWTPs. The results of this study
indicate the huge nutrient potential of the reject waters and clearly
show the need to recover the nutrients instead of re-treatment in
the WWTPs.

If urine or blackwater separation systems would be applied in
rural areas, over two-thirds of human-derived nitrogen and phos-
phorus could be recovered and used as fertilizers. At the same time
as much as four times more phosphorus and over thirty times more
nitrogen could be recovered compared to the reference system of
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Fig. 3. Path of nutrients in alternative scenarios.

rural areas (Fig. 4). Nitrogen potential is the highest in the urine
separation system (A1) but almost at the same level in the black-
water separation system (A2). In the first one, nitrogen ends up
mostly to urine but also to home-compost, and in the second one to
blackwater and reject water of the digestion. The amount of ni-
trogen in the reject water of the digestion is even two times higher
compared to blackwater.

For phosphorus, the nutrient potential is almost at the same
level in the urine and blackwater separation systems as well as in
the reference system of urban areas. However, even the phosphorus
potential is quantitatively highest in the latter one the feasibility of
the chemically precipitated phosphorus for the plants is not the
most optimal as stated above. In the urine and blackwater sepa-
ration systems urine and blackwater are the primary source of
phosphorus, but significant amount is also available in home-
compost and reject water of the digestion.

In Finland, the fertilizer use of phosphorus in agriculture is more
than 30000t/a, of which the proportion of recycled fertilizer
products is over 50% and that of nitrogen above 230 000 t/a, of
which recycled fertilizer products account for about a third
(Ministry of Agriculture and Forestry, 2011a). By utilizing source
separation techniques, annually over 2000 tons of phosphorus and
14 000 tons of nitrogen could be recovered, on the Finnish scale.

When comparing the nutrients content of urine to the prices of
commercial fertilizers on the market, urine was found to be an
economically reasonable fertilizer. The most valuable nutrients
were nitrogen and potassium. The calculated nutrient value of
urine was about 13 €/t (5 €/person/a), of which more than a third
will be spent on transport and distribution costs. However, the
value can be considered significant as when using urine as fertilizer,
the farmer can benefit up to 70 €/ha depending on the nutrients
needed in the soil. The annual costs, including investment and use,
of the urine separation and blackwater separation systems were
29% and 89% higher compared to the reference system, respectively.
This was mainly due to higher investment costs of the toilet sys-
tems. However, all the transportation costs, including e.g. the
transportation of urine to fields and blackwater to further treat-
ment, were negligible.

3.2. Life cycle assessment (LCA)

Overall, environmental impacts, normalized by the European
average annual emissions of the consumption, were relatively small
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Fig. 4. Nutrient potential of the alternative scenarios compared to the present
wastewater treatment systems in rural and urban areas.

(Fig. 5). The climate change impact was only 0.5—0.6% and differ-
ences between reference system and the scenarios were low. Some
variation could be seen in the eutrophication and acidification
impacts. The eutrophication impact, however, was up to 15% in the
reference system, but was reduced to less than a fifth in alternative
systems. Acidification impacts were small, but in the urine sepa-
ration system, the impact increased by a few percentage points. The
biggest effect was observed in the reference system of rural areas in
eutrophication due to the fact that a significant part of the nutrients
ends up to water bodies through the on-site wastewater treatment
system.

More detailed environmental impacts are shown in Fig. 6. When
collecting urine or blackwater separately the net eutrophication
impact would reduce to one fifth or even to one eighth. The largest
eutrophication impacts were caused by the daily use at the prop-
erty, including emissions to air and water as well as energy con-
sumption, when applicable. The contribution of the fertilizer use of
urine was also significant in the urine separation system due to
ammonia losses related to fertilizer spreading.

According to the results, the choice of the system had only a very
little effect on the net impact of the climate change and the impacts
were relatively small in all the alternatives. 58—80% of the total
emissions were caused by the on-site sand filter and the toilet
system in question. In the urine separation system (A1), home-
composting of feces caused rather significant proportion of the
emissions of the daily use at the property since the compost was
assumed to be mixed with peat. Replacing peat with woodchips,
the climate change impacts of composting would decrease, but at
the same time ammonia emissions might raise and increase acid-
ification impacts. The compensations of the fertilizer use of urine
were also significant in the urine separation system.

The fertilizer use of urine and blackwater increases a risk of
acidification, which can be minimized by using advanced spreading
techniques where less ammonia is released into the atmosphere. In
particular, ammonia losses associated with the application of urine
may be even 30%, but with more advanced techniques such as deep
injection, the loss can be significantly reduced up to 1-10%
(Johansson, 2001; Udert et al., 2006). As a result of lower nitrogen
losses connected to the advanced spreading techniques, the
amount of soluble nitrogen remains higher in the soil, which in turn
might increase the risk of eutrophication.

3.3. Discussion

According to the results of this study, the nutrient potential of
human urine and feces could be utilized more effectively by
applying source separation of urine or blackwater in rural areas,
compared to the conventional wastewater treatment system. Four
times more phosphorus and over thirty times more nitrogen could
be recovered. At the same time, eutrophication impact would be
decreased to less than a fifth. More nutrients could be recovered
with the blackwater separation system compared to the urine
separation. Another benefit associated with the first one is that
energy will be recovered as biogas. However, to utilize all the
nutrient potential of blackwater separation system, also the nutri-
ents of reject water formed as a side stream of blackwater digestion
should be recovered. On the other hand, quite an easy processing of
urine to fertilizer products, such as struvite, favors the urine sep-
aration system. The benefit of the both systems is that blackwater
or urine is not mixed with other wastewaters that might contain,
aside from pharmaceuticals and hormones, larger amounts of
harmful substances and micropollutants.

Overall, the normalized environmental impacts of the black-
water and urine separation systems as well as the reference system
were relatively small and contributed only 0.5—0.6% to climate
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Fig. 5. Environmental impacts of the alternative scenarios normalized by the European average annual emissions of the consumption.
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change, 0.6—5.2% to acidification and 2.0—15.2% to eutrophication
when compared to the European average annual emissions of the
consumption. However, it is difficult to assess the environmental
impacts of fertilizer use, because of the changes in weather con-
ditions, soil features, surface shapes, and proximity of watersheds.
Also spreading techniques and timing varies. No sensitivity analysis
was included in this study. However Lehtoranta et al. (2014)
concluded that the sensitivity analysis made to eutrophication
impacts, which are also one of the most sensitive in this case, did
not have a significant effect on the main conclusions made
regarding alternative on-site wastewater treatment systems.

Results indicate that significant environmental benefits could be
achieved when applying source separation on a larger scale. For
example in the cities and urban areas, the incoming nutrient loads
of the WWTPs would drop significantly. It was estimated that if
urine of all the Finns was collected and recovered, the nitrogen load
to the WWTPs would be reduced to a quarter and the phosphorus
load would be halved (Sayla, 2015). As a result, dimensioning of the
WWTPs would diminish resulting lower need of energy and
chemicals as well as decrease in sludge production. Moreover,
eutrophication and emissions of harmful substances to marine and
freshwater would decrease.

By exploiting the recovered nutrients as fertilizers, the use of
mineral fertilizers would be reduced, as well as the climate impacts
of mineral fertilizer production. On the Finnish scale, even up to
10% of the annual consumption of the mineral fertilizers could be

replaced with the nutrients of human urine and excreta, (Ministry
of Agriculture and Forestry Finland, 2011a). Compared to manure
from cattle and pigs, the annual amount of total nitrogen of the
urine of the Finns is at the same level than produced by pigs and
half of that produced by cattle. In the case of total phosphorus, the
amount is a third and a fifth when compared to pigs and cattle,
respectively (Natural Resources Institute Finland, 2016.) Compared
with animal manure and mineral fertilizers the heavy metal con-
centrations of human urine are lower (Jonsson et al., 2004; Winker
et al., 2009).

The source separation technologies could be quite easily applied
in rural areas. However, in cities and urban areas, the switch to the
alternative systems would need more infrastructural changes. In
both cases, the challenges are mainly related to technical and
logistical issues, like transportation of the collected urine and
blackwater to the end user. In the study cases made in Sweden,
source separation worked moderately well within the on-site
sanitation, blackwater systems performing better than urine sys-
tems in general. It was indicated that information exchange be-
tween entrepreneurial activity and knowledge development was a
major blocking mechanism slowing down the spread of such sys-
tems. In addition, organizing the entire system from collection to
reuse was found to be challenging (McConville et al., 2017.) Another
study showed that one of the main reasons for urine separation
systems reverting back to conventional ones were the user's loss of
motivation when the recovery of nutrients was not satisfactory
(Vinneras and Jonsson, 2013).

To facilitate the logistical challenges, nutrients of urine and
blackwater could be processed to easily transportable products,
thus replacing the use of mineral fertilizers. With regard to the
profitability of nutrient cycle of human origin as well as other
recycling nutrients, a key bottleneck is still the low price of mineral
fertilizers and the lack of knowledge about the hazardous sub-
stances. The use of new technology should be profitable and there
must be a market for the end product to make the technology
available. There is also a need for policy instruments and incentives
to support the use of recycled fertilizers. For example, urine is not
allowed to be used as a fertilizer according to the national legisla-
tion in Finland. Despite the fact that there are WHO guidelines
(WHO, 2006) for the treatment and safe use of urine as a fertilizer,
they do not take into account the legislation of different countries
and whether urine is permitted for fertilizer use. This is also a factor
that prevents or hinders the use of urine as fertilizer, even if its
physico-chemical and microbiological quality would be approvable.

There are strong opinions on the use of municipal sludge as well
as human urine and feces as fertilizers among public and Finnish
food industry. More information is needed about the existence of
harmful substances and micropollutants in the end products as
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well as their behaviour in water and soil. According to Viskari et al.
(2018), human urine stored according to WHO guidelines (WHO,
2006) fulfilled the criteria of the Finnish legislation (Ministry of
Agriculture and Forestry Finland, 2011b), including pathogen in-
dicators and heavy metals. In addition to the requirements of the
legislation, the amounts of pharmaceuticals and hormones were
analyzed from urine as well as soil and grains after the growing
season. All analyzed values were negligible or under the detection
limits. It does not, however, exclude possible accumulation in the
soil and thus negative effects on soil biota. The conclusion supports
also the findings of the Finnish study (Ylivainio et al., 2018), which
indicates that direct health risks for human are minor compared to
possible risks to soil and soil biota. In any case, too little is known
about the short and long-term soil effects of the hazardous sub-
stances as well as their impacts on the ecosystem. More research is
needed about their behaviour and possible accumulation in the
food chain as well as physico-chemical effects on soil. There is also a
need to define threshold values for hazardous substances to ensure
the safe reuse of the nutrients of human urine and feces and other
organic fertilizers. The limit values would set boundaries for future
technology development in order to achieve safe end products.

Further studies would be needed also about the feasibility of
nutrient recovery and processing in the WWTPs. It could be ques-
tioned, is it more feasible to add technology at the end of waste-
water treatment process, rather than turn the focus in the
beginning of the process or even before the wastewater enters to
WWTP. Based on the nutrient potential and fertilizer value calcu-
lations as well as the environmental impact assessment, however,
environmental benefits and realistic facts support the source sep-
aration systems to be used for nutrient recovery. Therefore, the
acceptance of the alternative technologies for nutrient recovery
and the use of urine and blackwater as fertilizers should be pro-
moted. Moreover, technological means for urine and blackwater
collection, logistics and storage should be considered in the future
wastewater treatment strategies.

4. Conclusions and recommendations

Improved nutrient recovery capability and environmental ben-
efits support the wastewater source separation systems over the
conventional ones. Four times more phosphorus and over thirty
times more nitrogen could be recovered compared to the conven-
tional systems. At the same time, eutrophication impact is reduced
to one fifth. The risk concerning increased soil acidification can be
minimized with advanced spreading techniques.

There is a lack of information concerning the risks of hazardous
substances of the fertilizer use of human urine and feces. More
research and comprehensive risk analysis is needed in order to
define proper threshold values for the safe use of recycled end
products. Without threshold values, it is impossible to define
practices for the safe reuse.

Sustainable and efficient nutrient recycling requires successful
management of the whole chain from collection, transportation
and storage to processing and end use in order to achieve cost-
effective and acceptable end products. There must be a market
for the end products otherwise benefits of nutrient recovery will be
lost.

In addition to develop technologies, logistics and regulations
there is a need for an attitude change to make alternative tech-
nologies competitive compared to current ones.
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