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* Blackwater and urine caused more eutrophying emissions than chemical fertiliser.
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Human excreta are potential sources of plant nutrients, but are today usually considered a waste to be disposed
of. The requirements on wastewater treatment plants (WWTPs) to remove nitrogen and phosphorus are increas-
ing and to meet these requirements, more energy and chemicals are needed by WWTPs. Separating the nutrient-
rich wastewater fractions at source and recycling them to agriculture as fertiliser is an alternative to removing
them at the WWTP. This study used life cycle assessment methodology to compare the environmental impact
of different scenarios for recycling the nutrients in the human excreta as fertiliser to arable land or removing
them in an advanced WWTP. Three scenarios were assessed. In blackwater scenario, blackwater was source-
separated and used as fertiliser. In urine scenario, the urine fraction was source-separated and used as fertiliser
and the faecal water treated in an advanced WWTP. In NP scenario, chemical fertiliser was used as fertiliser
Fertilisers and the toilet water treated in an advanced WWTP. The emissions from the WWTP were the same for all scenar-
Life cycle assessment ios. This was fulfilled by the enhanced reduction in the WWTP fully removing the nutrients from the excreta that
Urine were not source-separated in the NP and urine scenarios. Recycling source-separated wastewater fractions as
(Béfdcr];‘ﬁ;er fertilisers in agriculture proved efficient for conserving energy and decreasing global warming potential
(GWP). However, the blackwater and urine scenarios had a higher impact on potential eutrophication and poten-
tial acidification than the WWTP-chemical fertiliser scenario, due to large impacts by the ammonia emitted from
storage and after spreading of the fertilisers. The cadmium input to the arable soil was very small with urine
fertiliser. Source separation and recycling of excreta fractions as fertiliser thus has potential for saving energy
and decreasing GWP emissions associated with wastewater management. However, for improved sustainability,
the emissions from storage and after spreading of these fertilisers must decrease.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Eutrophication is caused by excessive inputs of nutrients to a water
body. These nutrients cause large algal growth and sometimes algal
blooms, with oxygen depletion when the algae die and decay. Eutrophica-
tion threatens many coastal ecosystems around the world (Randall, 2003;

* Corresponding author. Tel./ffax: +46 18 671886.
E-mail address: hakan.jonsson@slu.se (H. Jénsson).

http://dx.doi.org/10.1016/j.scitotenv.2014.05.123

UNEP, 2006). The main sources of these nutrients are anthropogenic, such
as wastewater systems, agriculture and atmospheric deposition largely
due to the burning of fuels. One eutrophied water is the Baltic Sea,
where the Baltic Sea Action Plan (BSAP) aims at recovering good environ-
mental status. To achieve this, the surrounding countries have agreed on
sharp decreases in eutrophying emissions by 2021 (HELCOM, 2011).
The direct nutrient discharges from Swedish municipal wastewater
treatment plants (WWTPs), account for about 20-30% of the Swedish
anthropogenic nitrogen and phosphorus discharges to the Baltic Proper
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(SEPA, 2009). In Sweden, WWTPs already reduce about 60% of incoming
nitrogen and 95% of incoming phosphorus (SEPA, 2013a). To achieve
the reductions required by the BSAP, WWTPs have been suggested to
reduce at least 80% of incoming nitrogen and to emit a maximum of
0.2 mg phosphorus per litre outgoing water (SEPA, 2009). This will
increase the use of resources such as precipitation chemicals, carbon
sources and energy at WWTPs (SEPA, 2009). Current target for reduc-
tion of the Swedish emissions are 9240 tonnes of nitrogen and
530 tonnes of phosphorus (HELCOM, 2013).

The global population is expected to grow by about 35% by 2050
(UN, 2013), increasing the demands on agricultural production and
use of chemical fertilisers. Today human excreta are almost universally
looked upon as a hazardous waste to be disposed of. However, the nu-
trients in urine and faeces derive from ingested food and, if recycled,
might be important as fertiliser in future agriculture. This would be in
line with the waste hierarchy in the Waste Directive of the European
Union (EC, 2008a), where re-use and recycling are given higher priority
than disposal, thus promoting a change of view on human excreta from
waste to resource. It would also agree with Rockstrém et al. (2009), who
claim that the global flows of reactive nitrogen are ought to be reduced.

The urine fraction (excluding flush water) contributes about 1% to
the total flow of urine, faeces and greywater (Jonsson et al., 2000), but
gives the largest contribution to the flow of macronutrients, about 80%
of the nitrogen and 60% of the phosphorus. Blackwater (urine, faeces,
toilet paper and flush water) contains about 90% of the nitrogen and
90% of the phosphorus in the excreta (Jonsson et al., 2005). The nutrient
content, before losses, in urine and faeces excreted by the Swedish pop-
ulation corresponds to 28% of the total nitrogen and 44% of the total
phosphorus in chemical fertilisers sold in Sweden 2010/11 (Statistics
Sweden, 2012a). The nitrogen in urine mainly consists of ammonium
and has 85-100% of the plant availability of the nitrogen in chemical
fertilisers (Jonsson et al., 2000). The phosphorus in urine is mainly in
the form of phosphate ions and is as available to plants as soluble phos-
phorus fertilisers (Kirchmann and Pettersson, 1995). The nutrients in
faeces are somewhat less available, since some of them are bound to
non-degraded organic material. About 50% of the nitrogen in faeces is
water-soluble and thus immediately available for plants (Jonsson
et al., 2005). The phosphorus in faeces is largely bound to calcium
and is comparable to that in chemical fertilisers, although with slower
solubility (Frausto da Silva and Williams, 1997).

There is no law controlling the use of human excreta as fertiliser in
conventional farming in Sweden, although to a certain extent it is
covered by the regulation regarding safe use of sewage sludge (EEC,
1986). According to the EU Directives on organic production, human
excreta are not allowed as fertilisers in organic farming (EC, 2008b),
even though human excreta well fulfil the intention of the Directive
that “in order to minimise the use of non-renewable resources, wastes
and by-products of plant and animal origin should be recycled to return
nutrients to the land” (EC, 2007).

Over recent years, a number of source-separation techniques, espe-
cially for urine separation, have been investigated. One review by
Maurer et al. (2006) concluded that there are many urine treatment
processes available both for hygienisation and nutrient-recovery, e.g.
struvite precipitation and ammonia stripping, but that further work is
needed to optimise the processes. For separating urine, special toilets
have been developed with a front bowl collecting the urine and a rear
bowl collecting the faeces and toilet paper. The urine is piped to a
storage tank for further treatment. Collection of source-separated black-
water (urine, faeces, flush water and toilet paper) in collection tanks for
vehicle transport to a WWTP is fairly common in Sweden and many
other countries.

Proper hygiene control is important when using human excreta as
fertiliser. Urine is sterile in the bladder of healthy individuals, and
after excretion it contains low counts of normal skin flora (Jonsson
et al,, 2000). The hygiene risk of faeces, which frequently contain bacte-
rial, virus and parasitic pathogens, is high. Therefore, for urine the main

hygiene risk is associated with faecal cross-contamination (Schénning
and Stenstrém, 2004). For hygienisation of urine, storage is a low-tech
and low resource-demanding alternative. The recommendations are
storage for 1 to 12 months depending on storage temperature and
crop to be fertilised (Schénning and Stenstrém, 2004; WHO, 2006).

A low-tech hygiene treatment of faeces is storage for at least 2 years
(WHO, 2006). The storage time can be greatly reduced by adding e.g.
pH-increasing additives such as lime or urea, which could come from
urine (Fidjeland et al., 2013; Schénning and Stenstrém, 2004). The ex-
creta fractions are relatively low in heavy metals (Jonsson et al., 2005),
and urine contains far smaller amounts of heavy metals than faeces.
The concentrations of most metals are much lower, by at least 10-fold,
in urine than in animal manure (Winker et al., 2009). Excreta are the
main contributor of pharmaceutical substances and hormones to waste-
water, where the problems caused by sex hormones emitted with
wastewater effluents are very well documented (Liney et al., 2006;
Vajda et al., 2008).

Ammonium nitrate is the most commonly used compound for
chemical nitrogen fertiliser in Europe (Fertilizers Europe, 2013). About
80% of the global ammonium nitrate production is by fixation of atmo-
spheric nitrogen using natural gas as a source of both hydrogen and
energy (Brentrup and Palliére, 2008). The global warming impact
from nitrogen fertiliser production is mainly due to the large emissions
of carbon dioxide (CO,) when using natural gas and of nitrous oxide
(N,0) from the nitric acid production, a step within the nitrate produc-
tion process (Brentrup and Palliére, 2008). The use of phosphate rock
for the production of chemical fertilisers is also a concern, as the life
time of economic reserves of phosphate rock is finite and is estimated
to be exceeded in the next 30-370 years (Cordell and White, 2011;
USGS, 2013). Another environmental issue regarding fertiliser use is
the cadmium flow to arable land. Cadmium exposure in Sweden, mainly
from smoking and food intake, is many times above or at safety levels
that can have harmful effect on bones and kidneys (KEMI, 2008). This
not only emphasises the health risk to humans but also that humans ex-
crete relatively large amounts of cadmium. KEMI, the Swedish Chemical
Agency, recommends a limit of 12 mg cadmium per kg phosphorus
added to soil to keep safe levels (KEMI, 2008), but analyses of chemical
fertilisers sold in Europe show median concentrations of 87 mg per kg
phosphorus (Nziguheba and Smolders, 2008).

Recycling the nutrients in human excreta to arable land as fertiliser
can reduce the use of energy and non-renewable resources for produc-
tion of chemical fertilisers. It can also reduce the use of energy and
chemicals at WWTPs, both because less nutrients need to be removed
and because the biological wastewater process, and especially the
nitrogen removal process, function more efficiently when urine is
source-separated from the influent to the WWTP (Wilsenach, 2006;
Wilsenach and van Loosdrecht, 2003).

A number of studies have demonstrated the environmental benefits
of using human excreta as fertiliser on arable land (Benetto et al., 2009;
Remy and Jekel, 2008; Tidaker et al., 2007a, 2007b). However, most of
these studies focus on the urine fraction and no previous study has
compared systems with the same direct emissions of nutrients from
wastewater to water. The present study aimed to fill this gap.

2. Goal and scope

The goal of this study was to assess the environmental impact of sep-
arating and recycling nutrients in human urine and faeces for use as
fertiliser on arable land, compared with treating these fractions at a
WWTP with enhanced treatment and fertilising the arable land with
chemical fertilisers. Three scenarios in a Swedish setting were evaluated
in a life cycle perspective for a new housing district in the Stockholm
area. In the blackwater scenario, ultra-low-flush vacuum toilets were
used and the blackwater was hygienically treated and later spread on
arable land. In the urine scenario, the urine was separated at source,
stored and spread on arable land while the faeces were piped to and
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treated at an advanced WWTP. In the NP scenario, chemical fertiliser
was used and the blackwater was treated at an advanced WWTP. The
direct emissions of nitrogen and phosphorus from excreta to water
were kept constant in all three scenarios. Life cycle assessment (LCA)
methodology based on the ISO 14000 series standards (ISO, 2006a,
2006b) was followed and the environmental impacts considered rele-
vant were assessed. Avoided activities in the systems were included
by using system expansion (Guinée et al., 2002; ISO, 2006b).
The Ecoinvent 2.2 databases (Ecoinvent Centre, 2010) and the SimaPro
v 7.3.3 software (PRé consultant, 2012) were also used to obtain and
analyse data.

2.1. Functional unit

In LCA, a functional unit (FU) is chosen to make all scenarios compa-
rable. The FU consists of the functions which it is essential that all
scenarios fulfil. Two functions were included in the FU of this study, to
reflect both the need for fertiliser and the required treatment of the
wastewater.

 Production of fertiliser containing 1 kg plant-available nitrogen and
0.15 kg phosphorus after emissions at storage and after spreading.

 Source separation or removal of 1.21 kg nitrogen and 0.15 kg phos-
phorus from the wastewater, thus maintaining zero nutrient emis-
sions from excreta with the effluent from the WWTP in all scenarios.

The 1 kg of plant-available nitrogen that is added to agricultural soil
comes with 0.15 kg of phosphorus when it is spread as blackwater, as
this is the composition of blackwater. It is required that the same
amounts of nutrients are spread also in the other scenarios. Source-
separating this amount of blackwater decreases the load to the WWTP
by 1.21 kg of nitrogen and 0.15 kg of phosphorus. The difference
between 1.21 kg nitrogen removed from wastewater and 1 kg plant
available nitrogen recycled is due to not all nitrogen being plant avail-
able and also due to nitrogen losses in the recycling system.

2.2. Impact categories

The impact categories studied were global warming potential
(GWP), potential eutrophication, potential acidification and use of
total and of non-renewable primary energy. GWP was expressed in
CO,-equivalents and calculated using indices for a 100-year time
horizon (IPCC, 2007). Potential eutrophication was expressed in
PO3 ~-equivalents and potential acidification in SO,-equivalents, both
calculated according to CML 2001 (Guinée et al., 2002). Both emissions
to air, to water and to soil can cause potential eutrophication and poten-
tial acidification (Guinée et al., 2002) The energy balances included cu-
mulative primary energy use, distinguished into non-renewable energy
(fossil and nuclear) and renewable energy (biomass, hydropower, solar,
wind, etc.). The flow of cadmium to arable soil, use of phosphate rock
and potential carbon storage in soil were also assessed.

2.3. System boundaries

Included scenarios (see Fig. 1) included all relevant processes associ-
ated with the fertiliser use and treatment of the wastewater fractions,
including production, transport and spreading. Treatment of greywater
was not included in the study. In all three scenarios, the emissions to
water from the WWTP of nitrogen and phosphorus from the same
amount of excreta were set to zero. In the blackwater scenario, this
was achieved by the blackwater being source-separated and recycled
as fertiliser. Thus, it did not reach the WWTP. In the Urine scenario,
the faeces and 25% of the urine, which was assumed to be not correctly
source-separated, were piped to the WWTP. Therefore, the resources
needed to fully remove these nutrients in the WWTP were calculated.
In the NP scenario, all excreta were assumed to be piped to the WWTP

and the resources for fully removing the nitrogen and phosphorus in
the WWTP were calculated.

The effects of source-separation on sewage sludge production are for
several parameters, e.g. phosphorus, simple but for most parameters
complex, requiring a full dynamic simulation of the WWTP for covering
the full effects on the sludge and such a simulation was outside the
scope of this study. Furthermore, the main changes caused in this
study by the source-separation were the changes in the required
amounts of nutrients to be removed in the WWTP and these changes
should be reflected by the data collected in the data in SEPA (2009) col-
lected in the inventory. About 25% of the Swedish sewage sludge is
spread on agricultural land, while 20% is used for covering landfills
and 32% for soil production (Statistics Sweden, 2012b). In this study
the sewage sludge was assumed to be put to use, but not on agricultural
land, which is the most common situation in Sweden. This is also the sit-
uation for the sludge from the largest WWTP in Sweden, which for
many years will be used for re-vegetation of a mine landfill
(Stockholm Vatten, 2012a). This means that even the obvious changes
in e.g. amount of phosphorus in the sludge did not affect any of the
assessed environmental impacts.

For capital goods, only the additional infrastructure required in the
separating scenarios was included. As spreading of blackwater and
urine often involves new spreading equipment, production of tractor
and agricultural equipment was included for these scenarios. The
lifetime of the collection system was assumed to be 40 years and the
lifetime of the lagoons 30 years. Final disposal of capital goods was
included for all materials and vehicles used except for pumping equip-
ment, which was assumed to be negligible, and the pipes and the
storage tanks in the blackwater and the urine scenarios, which were
assumed to be left on-site after end-of-use. The electricity in the scenar-
ios was assumed to be a Nordic electricity mix, NORDEL, including the
electricity supply of Denmark, Finland, Norway and Sweden (at grid)
(Ecoinvent Centre, 2010).

The agricultural soil was included in the production system. This
means that the fertilisers ending up in the soil were not included in
the calculations of potential eutrophication and potential acidification.
The field on which the fertilisers were spread was assumed to be at a
distance of 30 km from the urban area of Stockholm city. Nutrient
leaching from the arable soil was assumed to be similar for all scenarios,
and was therefore not included.

3. Description of the scenarios
3.1. General description of the blackwater and urine scenarios

The source-separating blackwater and urine systems were assumed
to be installed in a new house of three floors with three apartments on
each floor and with two people living in each apartment. The extra
infrastructure needed consisted of the pipes from the toilet to a collec-
tion tank outside the house (see Fig. 2). These pipes were in addition
to the pipes needed for the collection of greywater. With a conventional
wastewater system just one pipe collecting all sewage fractions is
needed.

The collected blackwater and urine were brought to on-site storage,
i.e. constructed lagoons near the field, by tanker trucks. Each lagoon was
dimensioned to store sufficient blackwater or urine to supply 100 ha
(with 50 kg of available nitrogen per hectare). For data on infrastructure
included in the different scenarios, see Table 1.

Data for dimensioning of the systems, i.e. the amounts of urine,
faeces, water, nitrogen and phosphorus etc. produced per person
(Table 2), were mainly based on Jénsson et al. (2005) and on studies
of the residential areas Palsternackan (Jonsson et al., 2000) and Gebers
(Andersson and Jensen, 2002) in the Stockholm region. It was estimated
that people were at home on average 65% of the day (Jonsson et al.,
2005). The vacuum toilets used about 3 kWh per person and year
(Wostman, 2013). For other data on materials and processes see
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NP scenario

Collection Urine- Treatment faeces Treatment urine and
urine and faeces diversion at WWTP faeces at WWTP
i V:
Storage Storage Production Production chemical
urine and faeces urine P-fertiliser fertiliser (NP)
v v v ¥
Spreading ‘ Spreading Spreading Spreading chemical
urine and faeces urine P-fertiliser fertiliser (NP)

Fig. 1. System boundaries for the three scenarios studied. All three scenarios produced the functional unit (P-fertiliser = phosphate rock).

Appendix A and for details of transport included in the study see
Appendix B.

3.2. Blackwater scenario

Blackwater was assumed to be collected for recycling, while the
greywater was piped to a WWTP. State-of-the-art toilets for this type
of system, ultra-low-flush vacuum toilets (0.5 1 per flush), were assumed
to be used for collection. The number of flushes during 65% of an average
day that a person spends at home was estimated at 4.6 (Jénsson et al.,
2005). In total, about 22 m? of blackwater were collected annually
from the 18 persons in the house. To get a safety margin for the tank
not to overflow, it was assumed to be emptied twice a year. Following
WHO guidelines on safe use of excreta and wastewater in agriculture,
the blackwater was assumed to be stored for two years (WHO, 2006).
To fulfil this criterion, three constructed lagoons were placed by the
field, one of which could be emptied and spread on the field, one could
be filled up and one left for undisturbed storage during two years (filled
until spring in one year, enclosed storage for two years, and then spread
in spring). The lagoons were assumed to be mainly constructed of poly-
ethylene (HDPE) with a covering liner of polyvinylchloride (PVC).

The blackwater was assumed to be spread in the same way as urine
and data on engine emissions during spreading were taken from
Lindgren et al. (2002). No studies on emissions from collection, storage
and spreading of blackwater were found, but a few such studies on urine
were available. As urine contributes almost 90% of the total nitrogen and
more than 95% of the ammonia-nitrogen in blackwater (Table 2), the re-
sults for the emissions from collection, storage and spreading of urine

75mm

10m

15m?

Fig. 2. Diagram of the toilet system assumed in the study. The pipe system with the thicker
line plus the collection tank is the extra infrastructure needed. The type of toilet varied be-
tween the scenarios, but as the environmental impact depends more on the make of toilet
than whether it is a vacuum, urine-diverting or conventional toilet, the toilet was not in-
cluded in the additional infrastructure. The “Vac BW” box represented the vacuum system
of the blackwater scenario.

VacBW | " 110mm

were considered relevant also for blackwater. Studies on urine collec-
tion show that the ammonia-nitrogen emissions from a well-designed
collection and tank system and its emptying and transport to a storage
lagoon amount to 0.1% of total nitrogen (Jénsson et al., 2000), while
the ammonia emissions from storage of animal urine in lagoons has
been measured at 4% of total nitrogen (Karlsson and Rodhe, 2002).
Emissions from spreading were set to 5% of ammonia-nitrogen, based
on a study on ammonia emissions after application of human urine
with trailing hoses in spring followed by incorporation 4 h later
(Rodhe et al., 2004). Since both blackwater and urine have low dry mat-
ter content and low viscosity, the same emission factor was used for
blackwater. The emissions from storage in the blackwater scenario
were assumed to be 8%, twice as high as emissions in the urine scenario
due to the 2-3 year storage time for blackwater, compared with 0.5-
1.5 years for urine. Nitrous oxide emissions from spreading were
included, directly as 1% (N,O-N) of total nitrogen added to soil and indi-
rectly as 1% (N,O-N) of the ammonia-nitrogen emitted to air (IPCC,
2006). Indirect nitrous oxide emissions from ammonia emissions at col-
lection and storage were included in the same way as for spreading.

3.3. Urine scenario

In the urine scenario, water-flushed, urine-separating toilets were
used. The flush water amounted to 0.4 | per person and day at home
for urine and 3.9 1 for faeces. Based on measurements in several residen-
tial areas, 25% of the urine was assumed not to be separated but follow-
ed the faecal flow (Jénsson et al., 2000). About 8 m? of urine-flush water
mixture was collected from the 18 persons in the house each year. The
15 m® collecting tank (Fig. 2) was assumed to be emptied once a year.
In large systems where urine is collected from several households in
the Swedish temperate climate, the urine should be stored for at least
six months before being considered hygienically safe to fertilise food
and fodder crops which are processed before consumption (Jénsson
et al., 2000; WHO, 2006). This was the minimum storage time assumed
in this study. Thus, this scenario had two lagoons per 100 ha, one for
filling-up while the other was left for enclosed, undisturbed storage
during at least six months. The ammonia emissions were assumed to
be 0.1% from collection and transport (Jonsson et al., 2000), 4% from
storage in the lagoon (Karlsson and Rodhe, 2002) and 5% after spreading

Table 1
Components included in the blackwater and urine scenarios.

Component Blackwater scenario Urine scenario

Pipes 38.5 m (75/100 mm)* 38.5 m (75/100 mm)?
Tank 15 m? 15 m?

Lagoon 3 x 3000 m* 2 x 1500 m*
Vacuum unit 1400 w/230 V°

2 75 mm diameter indoors and 100 mm outdoors.
b Wostman (2013).
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Table 2
Data on total flows of urine, faeces, nitrogen, ammonia, phosphorus, cadmium and carbon
per person and day, 24 h (Jénsson et al., 2005).

Amount Total-N NH4-N Total-P Ccd Carbon

(g/pd) (g/pd)  (g/pd)  (mg/pd)  (g/pd)
Urine 1.51/pd 11.0 103 09 0.0005 43
Faeces 53.1g/pd 1.5 03 0.5 0.0150 19.1°

2 Andersson and Jensen (2002).
b Including toilet paper.

the urine fraction (Rodhe et al., 2004). Nitrous oxide emissions were
calculated as in the blackwater scenario.

The faeces, together with the 25% of the urine which was not source-
separated, were assumed to be piped to an advanced WWTP. To fulfil
the FU of 1.21 kg nitrogen and 0.15 kg phosphorus removed from
wastewater in this scenario, about 0.05 kg phosphorus and 0.13 kg ni-
trogen were removed at the WWTP (see Section 3.5). In addition, 0.05
kg phosphorus fertiliser was needed to fulfil the FU. This was done by in-
cluding production of ground phosphate rock, which is a phosphorus
fertiliser permitted for use in both organic and conventional farming.

3.4. NP scenario

The abbreviation NP refers to chemical fertilisers, which often is
denoted as NP or NPK. The chemical fertiliser was calculated as being
composed of triple superphosphate (TSP) and ammonium nitrate
(AN), with an N:P ratio of 1:0.15. Data on energy use and GWP emis-
sions for the production of these two fertiliser components were taken
from Brentrup and Palliére (2008) and data on eutrophication and acid-
ification emissions from Davis and Haglund (1999). For energy use and
GWP emissions, the best available technique (BAT) was assumed to be
used for production of AN. However, for TSP, European average data
for 2006 were used due to lack of other information. The chemical
fertiliser was assumed to be spread with a combi-drill. Based on com-
parison of total emissions from combi-drilling and only seed drilling,
16% of the total engine emissions and fuel use were allocated to the
spreading (Lindgren et al., 2002). Indirect nitrous oxide emissions of
1% of total nitrogen added to soil were included (IPCC, 2006). At the
WWTP the same amount of nitrogen and phosphorus as contributed
by the urine and faeces was assumed to be removed and the energy
and other resources needed for this were included (see Section 3.5).
Transport vehicles, distances and data sources are given in Appendix B.

3.5. Treatment of nitrogen and phosphorus in the WWTP

In Sweden, roughly 95% of urban wastewater undergoes both
biological and chemical treatment (SEPA, 2013a). The requirements
on nutrient reduction at Swedish WWTPs are about to increase
from an already fairly high level. This reduction on the margin will
be easier to achieve if all excreta nutrients from new houses are
source-separated and do not reach the WWTP, as was the case for the
blackwater scenario. Thus, to compare this scenario in a fair way with
other scenarios, the urine and the NP scenarios included the use of en-
ergy, chemical precipitants and carbon source (for nitrogen removal)
required to fully remove the same amount of nitrogen and phosphorus
in the WWTP as it receives from non-source-separated excreta. The re-
sources needed for improving the nutrient reduction in the WWTPs
from a high to an even higher level have been estimated by the Swedish
Environmental Protection Agency (SEPA, 2009). For the additional high
level nutrient reduction in the WWTP, 5.8 kWh and 2.2 kg BOD; (Biolog-
ical Oxygen Demand during 7 days), e.g. carbon source, are needed
per kg nitrogen removed and 179 kg precipitation chemical per kg
phosphorus removed (SEPA, 2009).

Methanol was the carbon source assumed to be used at the WWTP.
Data on environmental impact from its production were taken from

Ecoinvent Centre (2010). For precipitation, iron-based precipitants
were assumed to be used in this study. Data on its environmental im-
pact were based on three common (iron-based) precipitants, with the
brand name PIX and which are commonly used in Sweden (IVL, 2003).

The IPCC guidelines consider nitrous oxide emissions from wastewa-
ter treatment to be negligible (IPCC, 2006), although studies have
shown that they can vary considerably (Foley et al., 2011; Westling,
2011). In a review by Westling (2011), the range of the nitrous oxide
emissions was 0 to 2% (N,0) of removed nitrogen. The Australian Gov-
ernment uses a similar number, 1.6%, as the N,O emissions factor of ni-
trogen removed at a WWTP (DCCEE, 2010). In the present study 1% of
removed nitrogen (influent minus effluent) was assumed to be emitted
as nitrous oxide (N,0), which is close to the emissions factor used in
Finland (Westling, 2011), where the climate and treatment techniques
are similar to those in Sweden.

3.6. Cadmium flow to soil and potential carbon sequestration

The cadmium content of the phosphate rock was assumed to be
3 mg cadmium per kg phosphorus, the level in phosphate rock from
the Kola Peninsula, which is the source used for most of the phosphorus
fertilisers in Sweden (Yara, 2010). The cadmium content in urine and
faeces is shown in Table 2.

Adding organic matter, such as human excreta, to soil increases the
soil carbon pool and can result in carbon sequestration. As carbon turn-
over in soil depends on many factors, e.g. soil type, temperature and soil
microbial activity, accurate prediction of the carbon stored after applica-
tion of organic material is difficult and uncertain. Estimated sequestra-
tion, expressed as the fraction of the added carbon that remains in the
soil after 100 years, ranges between 2 and 14% in studies on digestate
and compost applied to farm land (Bernstad and la Cour Jansen,
2012). In the model EASEWASTE, the estimated carbon storage factor
is 2 to 16% in a 100-year perspective for digested municipal food
waste (Hansen et al., 2006). Since the carbon in the urine is highly
degradable and the main part is lost as urea, only the carbon from the
faeces and toilet paper in the blackwater was assumed to contribute
to potential carbon sequestration in this study. A carbon storage factor
after 100 years of 7% of initial carbon added was assumed for the
blackwater.

3.7. Normalisation

The results were normalised based on the environmental impacts
from using the amount of nitrogen and phosphorus in blackwater that
one person produces in one year as fertiliser. One person produces
2.2 kg plant-available nitrogen and 0.3 kg phosphorus in blackwater col-
lected at home. In the normalisation, the environmental impacts associ-
ated with these amounts of nitrogen and phosphorus were calculated
based on the results of the blackwater scenario for all three scenarios
and then compared with the yearly total impact on energy input,
GWP, potential eutrophication and potential acidification per capita in
Sweden.

3.8. Sensitivity analysis

A life of 40 years for the toilet system (additional pipes and urine
tank) and 30 years for the lagoon can be questioned, as fittings and in-
frastructure might change quickly. In a sensitivity analysis, the expected
lifetime of the materials was reduced by half.

Data on ammonia emissions after spreading human urine and
human excreta are scarce or fully lacking. In a sensitivity analysis, the
ammonia emissions after spreading were doubled and reduced by half.

Increasing the nutrient reduction at a WWTP that already has a high
nutrient reduction is energy and resource-intensive. In a sensitivity
analysis, the electricity source was changed to coal power (UCTE hard
coal power plant mix) (Ecoinvent Centre, 2010).
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Part of the phosphorus reaches the WWTP bound to particles
and will partly precipitate without chemical input. A large part of
the phosphorus is dissolved. To remove this, most Swedish WWTPs
use chemical precipitants. In a sensitivity analysis, the amount of precip-
itation chemical needed for phosphorus removal was changed
from 179 kg precipitation chemical per kg phosphorus estimated for
marginal removal by SEPA (2009) to 16 kg per kg phosphorus, which
at the reduction level would be the average amount of chemical per
kg phosphorus removed. This was calculated by using the present and
the marginal use of precipitation chemicals according to SEPA (2009),
dividing these by the total amounts of phosphorus currently removed
in Sweden (Statistics Sweden, 2012b). In this way an average was calcu-
lated on the use of precipitation chemicals, including both the marginal
amount for a stricter removal and the present use. The present amount
of precipitation chemicals used was estimated by scaling up from the
data for four WWTPs in Sweden with a load of more than 100,000
person equivalents (Stockholm Vatten, 2012a; Syvab, 2012; UMEVA,
2012; Uppsala Vatten, 2012).

As the emissions of nitrous oxide from WWTPs vary widely, in a sen-
sitivity analysis the emissions were doubled from 1% to 2% nitrous oxide
emitted per kg nitrogen removed. A recently developed technique,
which might be more common in the future, is the use of autotrophic ni-
trogen removal, e.g. the nitritation-anammox process, which reduces
the energy use by more than 50% for nitrogen removal and requires
almost no external carbon source (Maurer et al., 2003; Siegrist et al.,
2008). A sensitivity analysis was therefore also done on halving the
energy use and removing the methanol input at the WWTP.

4. Results
4.1. Primary energy use

The results demonstrated that the NP scenario used 3 to 4 times as
much energy as the blackwater and urine scenarios (Fig. 3). The instal-
lation of the separating system in the house (section Bw and urine col-
lection system in Fig. 3) used most primary energy in the blackwater
scenario, where construction of the collecting tank contributed about
60% of the primary energy used. In the urine scenario, about half the
total primary energy was used for the reduction of nitrogen and phos-
phorus at the WWTP. About half this energy use derived from phospho-
rus removal and half from nitrogen removal. In the NP scenario 78% of
the primary energy use derived from nitrogen and phosphorus removal
at the WWTP, with 26% deriving from phosphorus removal and 74%
from nitrogen removal. Of the total primary energy use, 90-94% derived
from non-renewable energy sources in all scenarios.
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Fig. 3. Total primary energy use for the three scenarios divided between processes. Total
primary energy use is also given, as the number above each bar. Bw = blackwater.
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Fig. 4. Global warming potential for the three scenarios divided between processes. Total
GWP is also given, as the number above each bar. Bw = blackwater.

4.2. Global warming potential (GWP)

For GWP, the impact from the NP scenario was 1.5 to 2 times that
from the blackwater and urine scenarios. The indirect nitrous oxide
emissions related to the emissions after spreading were the main
contributor to GWP for the blackwater and urine scenarios (Fig. 4).
The second largest contribution in these scenarios came from the collec-
tion system, 15 and 19% respectively. For the NP scenario, emissions
after spreading also contributed greatly, almost 30%, to GWP, due to
the direct and indirect nitrous oxide emissions from soil and ammonia
emissions. In this scenario, however, the treatment of nitrogen and
phosphorus at the WWTP had a greater impact, about 48% of total GWP.

4.3. Eutrophication

Since a criterion for all scenarios was to have the same water emis-
sions of nitrogen and phosphorus emissions from the WWTP, there
were no direct eutrophying emissions to water from the excreta frac-
tions. Furthermore, the eutrophying water emissions from the fertilised
field were considered similar and excluded from this comparative
study. Thus, the potentially eutrophying emissions in the blackwater
and urine scenarios were mainly direct gaseous emissions from the
collection, handling, storage and spreading, in addition to upstream pro-
cesses. In the NP scenario, the main potentially eutrophying emissions
derived from the production of chemical fertilisers and the production
of resources (precipitation used for nutrient removal at the WWTP).
The impact on eutrophication was about 25 and 19 times as large for
the blackwater and the urine scenarios as for the NP scenario (Fig. 5).
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Fig. 5. Potential eutrophication for the three scenarios divided between processes. Total
potential eutrophication is also given, as a number above each bar. Bw = blackwater.
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The ammonia emissions from storage and spreading of blackwater and
urine contributed most to eutrophication. Due to the longer storage
time of blackwater compared with urine, the blackwater scenario
caused greater ammonia emissions and thus greater eutrophication po-
tential than the urine scenario. About 99% of the potentially eutrophying
emissions from the storage and construction process derived from
direct ammonia emissions at storage in the blackwater and urine
scenarios. In the NP scenario the treatment at the WWTP was the
main contributor to potential eutrophication, mainly from the electrici-
ty use and methanol production.

4.4. Acidification

Ammonia emissions also contributed to potential acidification and
therefore the results for potential acidification (Fig. 6) showed a similar
pattern to those of potential eutrophication (Fig. 5). The acidifying emis-
sions were about 8 and 5 times as large for the blackwater and urine
scenarios, respectively, as for the NP scenario. The ammonia emissions
from storage and after spreading were the largest contributors to acidi-
fication for the blackwater and urine scenarios. For the NP scenario, the
production of chemical fertilisers and treatment at the WWTP were the
main sources of potentially acidifying emissions.

4.5. Use of phosphate rock, cadmium flow to soil and potential carbon
sequestration

The blackwater scenario had by far the largest flow of cadmium to
the soil (Fig. 7), about four times as large as in the NP scenario and 8
times as large as in the urine scenario. In the urine scenario, 0.05 kg
phosphorus deriving from phosphate rock was needed to fulfil the FU
and this contributed about 0.16 mg cadmium per FU, and thus more
than the urine itself, which contributed two-thirds of the phosphorus
flow. In the NP scenario, all of the phosphorus added to soil, 0.15 kg,
derived from phosphate rock, resulting in a cadmium flow of 0.5 mg
per FU.

The flow of carbon to soil with faeces and toilet paper in the black-
water scenario was 2.7 kg. This resulted in carbon storage of 0.2 kg
per FU in the blackwater scenario, corresponding to a reduction of
0.7 kg COy-equivalents in the blackwater scenario. This represented a
decrease of 7% in the GWP results of the blackwater scenario.

4.6. Normalisation and sensitivity analysis

The normalisation showed that the emissions at spreading and stor-
age in the blackwater and urine scenarios contributed most to potential
eutrophication and potential acidification and are thus of relevance in a
wider perspective (Table 3).
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Fig. 6. Potential acidification for the three scenarios divided between processes. Total
potential acidification is also given, as a number above each bar. Bw = blackwater.
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Fig. 7. Flow of cadmium to arable soil for the three scenarios. Total cadmium flow is given
as the number above each bar.

For the blackwater scenario, decreasing the lifetime of the additional
infrastructure by 50% in the sensitivity analysis had the largest impact
on primary energy use, while doubling the ammonia emissions after
spreading increased the eutrophication and acidification impact by
almost 50% (Table 4). For the urine scenario, the impact on primary
energy of halving the infrastructure lifetime was much less, 7%, while
doubling the ammonia emissions after spreading increased eutrophica-
tion and acidification by more than 50%. For the NP scenario, the impact
of the electricity mix was large. If the electricity came from coal power
the impact on potential eutrophication would almost double and poten-
tial acidification would be almost 3.5 times as high as with Nordic elec-
tricity mix. If the phosphorus from excreta can be fully removed using
just the average precipitation chemical dosage at the WWTP, and not
the marginal, this would greatly decrease all impact categories studied,
by 8-26%. If the nitritation-anammox process were to be used at the
WWTP, with reduced energy use and no organic carbon source needed,
the primary energy use would be reduced by 17 and 45%, respectively,
for the urine and the NP scenarios and the other categories in the NP
scenario would be reduced by 12-28%. Doubling the amount of nitrous
oxide emitted at the WWTP would increase the GWP by 22% in the NP
scenario.

5. Discussion

The two main processes affecting the overall results were the ammo-
nia emissions from storage and spreading in the blackwater and urine
scenarios and the enhanced treatment of nitrogen and phosphorus at
the WWTP in the urine and NP scenarios. Compared with the blackwa-
ter scenario, the urine scenario had a smaller impact within all impact
categories studied except energy use. These smaller impacts for the
urine scenario were mainly due to the smaller volume handled and
the shorter storage time and the larger energy use due to the nutrient
removal in the WWTP. The NP scenario had a greater impact than
both the urine and blackwater scenarios for GWP and primary energy
use, but a much smaller impact for potential eutrophication and poten-
tial acidification.

The potential eutrophication in this study is mainly due to gaseous
ammonia emissions and cannot be directly compared with directly
eutrophying emissions to water, as not all of the potential eutrophica-
tion will actually cause negative eutrophication in the end. As essential-
ly all the ammonia emissions occur in rural areas, from the storage
lagoons by the fields and after spreading, and as ammonia is mainly a
regional pollutant (Asman et al., 1998), a large fraction of it will be re-
deposited on agricultural fields, where eutrophication is seen as
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Table 3

Normalisation of results on energy, GWP, potential eutrophication and potential acidification for the three scenarios.

Primary energy (M])?

GWP (kg CO5-eq)®

Eutrophication (kg PO3~-eq)* Acidification (kg SO,-eq)?

Blackwater 0.1% 0.3% 1.3% 3.7%
Urine 0.1% 0.3% 0.8% 2.3%
NP 0.3% 0.5% 0.1% 0.4%

¢ Total energy input per person in Sweden based on 2011 data (Statistics Sweden, 2012c).

b Total GWP emissions in Sweden based on 2011 data (SEPA, 2013b).

¢ Total eutrophying emissions based on estimated amount of nitrogen and phosphorus reaching the Swedish coast in 2010 (Miljomal, 2013), total ammonia emissions in 2009 (SEPA,

2011) and emissions of nitrogen oxides (Miljomal, 2013).

9 Total acidifying emissions in Sweden, based on emissions of nitrogen oxides and sulphur dioxide in 2009 (Miljomal, 2013) and ammonia emissions in 2009 (SEPA, 2011).

increased fertility, rather than as a negative impact. In this study the
scenarios were designed such that the direct emissions to water from
the WWTP were the same for all scenarios. This was achieved by ad-
vanced wastewater treatment, requiring different amounts of energy
and chemicals to remove the incoming load of nitrogen and phosphorus
from the different scenarios. The study illustrates the impacts of the im-
provements required at WWTPs to fulfil the commitments of the Baltic
Sea Action Plan (HELCOM, 2011). Without these enhanced require-
ments on the WWTPs being a part of the FU, primary energy use and
GWP would have been more similar for all scenarios, at the expense of
different eutrophication impacts from the direct water emissions from
the WWTPs. This is also the main reason for the difference in results
compared with other studies comparing the environmental impact of
urine separation and blackwater systems versus wastewater treatment
at a WWTP (Benetto et al., 2009; Remy and Jekel, 2008; Tidaker et al.,
2007a) and compared with small-scale treatment with precipitation
chemicals and urea added to a septic tank (Tiddker et al., 2007b).
Ammonia emissions from storage and after spreading heavily influ-
enced the results for eutrophication and acidification and should be fur-
ther scrutinised. When emissions related to spreading were halved in
the sensitivity analysis, potential eutrophication and acidification were
reduced by 11 and 13%, respectively, in the blackwater scenario and
by 26% for both categories in the urine scenario (Table 4). Field trials
have shown that ammonia emissions after spreading of human urine
to growing cereals, or by direct injection of the urine, may be scarcely
detectable (Rodhe et al., 2004). A proper spreading strategy is thus
imperative to reduce the losses associated with application. This
would have a great impact on potential eutrophication and potential
acidification, as can be seen in the sensitivity analysis (Table 4). If better
techniques to reduce ammonia emissions from storage could also be
developed, e.g. use of a gas proof lining, potential eutrophication and
potential acidification could be further decreased. A well-studied tech-
nique is also acidification of manure, where pH is reduced by addition

Table 4

of e.g. sulphuric acid, which has been shown to decrease the emissions
of ammonia at storage and after application significantly (e.g. Kai
et al., 2008). The importance of these ammonia emissions can also
be seen in the normalisation of the results (Table 3), where mainly
eutrophication and acidification were of significant importance when
comparing normalised per capita emissions.

Due to the much larger cadmium content of the faeces than in the
other fertilisers, the blackwater scenario added significantly larger
amounts of cadmium to the soil and the urine scenario added the
least, about 50% of that added in the NP scenario (see Fig. 7). If the cad-
mium content of the phosphate rock had been higher, e.g. 87 mg per kg
phosphorus as is the European average for phosphorus fertilisers
(Nziguheba and Smolders, 2008), the NP scenario would add about
eight times as much cadmium as the blackwater scenario and about
three times as much as the urine scenario, even though the urine sce-
nario also needed some phosphate rock to be added. These results stress
that urine is an exceptionally clean fertiliser, with a cadmium content
of 0.6 mg cadmium per kg phosphorus (compared with 11 mg for
blackwater).

The blackwater scenario recycled the largest amount of phosphorus
and organic material to the soil. Soil organic matter is valuable for keep-
ing a soil fertile. However, the potential carbon sequestration in soil had
arelatively small impact on the overall GWP results (see Section 4.5). In
addition, urine and faeces also add micronutrients important for crop
growth.

As the human excreta fractions were assumed to be stored according
to WHO (2006) for hygienically safe use on agricultural land, hygiene
risks with these scenarios should be insignificant, provided that
the fertilisers are handled in a proper way. The environmental risk of
pharmaceuticals spread on arable land is still something that has to be
further studied before any conclusions can be drawn on the actual
effect. Over 80 pharmaceutical compounds have been found over the
level of micrograms per litre in sewage effluent, surface waters and

Results on primary energy, GWP, potential eutrophication and potential acidification from the sensitivity analysis, presented in relation to the whole scenario.

Primary energy

GWP (kg CO,-eq/FU)

Eutrophication Acidification

(MJ/FU) (g PO} ~-eq/FU) (kg SO,-eq/FU)

Blackwater scenario (BW) 59 9.9 73 033

Infrastructure life 50% shorter (BW) 78 +33% 113 +14% 74 +1% 0.33 +1%
+100% NH4-emission spreading (BW) 62 +6% 10.6 +7% 104 +43% 0.47 +43%
—50% NHy4-emission spreading (BW) 58 —1% 9.8 —1% 65 —11% 0.29 —13%
Urine scenario (U) 67 94 46 0.21

Infrastructure life 50% shorter (U) 71 +9% 10.7 +13% 47 +2% 0.21 +1%
+100% NH,4-emission spreading (U) 67 0% 104 +9% 72 +57% 033 +57%
—50% NH,4-emission spreading (U) 67 0% 94 —1% 34 —26% 0.16 —26%
Electric. WWTP from coal power (U) 70 +5% 9.8 +3% 47 +3% 0.21 +2%
Average P chemical WWTP (U) 52 —22% 9.0 —5% 46 —1% 0.21 —2%
Anammox process WWTP (U) 56 —17% 9.2 —2% 46 0% 0.21 0%
Increased N,O WWTP (U) 9.9 +4%

NP scenario (NP) 219 16.0 5 0.04

Electric. WWTP from coal power (NP) 247 +13% 223 +40% 17 +244% 0.07 +93%
Average P chemical WWTP (NP) 179 —18% 14.7 —8% 4 —24% 0.03 —26%
Anammox process WWTP (NP) 121 —45% 139 —13% 3 —28% 0.03 —12%
Increased N,O WWTP (NP) 19.6 +22%
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groundwater (Heberer, 2002). Source separation and treatment can be
one way to control this problem (Larsen et al., 2004; Lienert et al.,
2007). While the hormone flow with animal manure spread on land is
far larger than the flow with wastewater, the problems are considered
smaller, probably because the degradation of sex hormones is fast in
arable land (Colucci et al., 2001; Colucci and Topp, 2001).

Recent studies have investigated nitrous oxide emissions from the
removal of nitrogen at WWTPs. There are still uncertainties on the
level of these emissions, as they depend on the equipment and tech-
nique used. With the emission factor of 1% used in this study, they
cause about 25% of the GWP emissions of the NP scenario, but as
shown in Foley et al. (2011) and Westling (2011) the emissions can
vary. On doubling the nitrous oxide emissions, the GWP increased by
4% for the urine scenario and 22% for the NP scenario (Table 4). One pro-
cess that was not included in this study was the potential use of sludge
produced from the WWTP. This could be used as a fertiliser on arable
land, replacing chemical fertilisers, and would also cause emissions
from storage and spreading. While source separation would naturally
decrease the amount of phosphorus in the sludge, it is not clear how
source separation would affect either the total amount of sludge or
the amount of nitrogen in the sludge. The amount might increase due
to a decreased need for nitrogen reduction (Wilsenach and van
Loosdrecht, 2003), or it might decrease due to less COD entering the
WWTP.

When the life time of the additional infrastructure was reduced by
half, the impact on GWP and primary energy use increased significantly
in the urine and blackwater scenarios, but they still did not exceed the
impacts of the NP scenario (Table 4). Disposal of materials had an insig-
nificant impact on the results, since the majority of the infrastructure in-
cluded in the study was assumed to be left on-site, and thus not
disposed of. In this study a tractor with a mega trailer with a maximum
cargo load of 33 tonnes was assumed to be used for transporting the toi-
let fractions from the households to the field. If the vehicle had been
smaller, the relative impact per FU would have been much higher, as
less volume could be transported per route. Use of European electricity
mix by the WWTP resulted in significant increases in all impact catego-
ries for the NP scenario (Table 4), although the potential eutrophication
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and acidification were still lower than for the blackwater and urine
scenarios.

If urine and blackwater are to be sustainable fertiliser alternatives,
technological development is required. A system resulting in emissions
of 1-4% of the annual emissions per person of potential acidification and
eutrophication is not yet sustainable.

6. Conclusion

Source separation and use of human excreta as fertiliser proved to be
more energy efficient and caused less global warming impact than en-
hanced reduction of nitrogen and phosphorus at a wastewater treat-
ment plant, complemented with use of chemical fertiliser. However,
the technologies assumed here for use of blackwater and urine as
fertiliser caused larger emissions of ammonia, with great impacts on
the potential eutrophication and potential acidification, especially
when blackwater was recycled as fertiliser instead of being treated at
an advanced wastewater treatment plant. If small flows of cadmium
to arable soil are important, then fertilising with source-separated
urine should be seriously considered, as its degree of contamination
with heavy metals is extremely low. For systems with source-
separation and recycling of toilet fractions as fertilisers, lower ammonia
emission technologies need to be further developed to support more
sustainable food production, based on a closed loop of nutrients be-
tween food and excreta.
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Table A

Materials, processes and references for emissions connected to the blackwater and urine scenarios. Amounts are for blackwater scenario/urine scenario, respectively.

Material/process Type material/process used

Pipes Polypropylene, granulate, at plant
Collection tank Concrete, normal, at plant
Reinforcing steel, at plant
Excavation Excavation, hydraulic digger
Tap water use

Emptying of collection tank Diesel consumption pumping

Electricity and chemical consumption as for tap water production Stockholm

Amount (per FU) Reference emissions
0.035/0.046 kg Ecoinvent®
7.024/9.304 kg Ecoinvent®
0.144/0.207 kg Ecoinvent®
0.010/0.014 m® Ecoinvent®
379/663 m® Stockholm Vatten (2012b); Ecoinvent®

0.059/0.028 kg Baky et al. (2010)

Emissions pumping NTM (2013)
Lagoon
Inside cover HDPE, granulate, at plant 0.039/0.016 kg Ecoinvent®
Floating cover PV(, at regional storage 0.028/0.011 kg Ecoinvent®
Loading area Concrete, normal, at plant 0.240/0.133 kg Ecoinvent®
Excavation Excavation, hydraulic digger 0.023/0.009 m* Ecoinvent®
Emptying of lagoon (The same as for emptying collection tank)
Spreading
of blackwater Average of urine and semi-liquid manure, with Valtra 6650 Lindgren et al. (2002)
of urine Spreading of urine, with Valtra 6650 Lindgren et al. (2002)
of phosphate rock 16% of combi-drilling, with Valtra 6660 Lindgren et al. (2002)
of NP fertiliser 16% of combi-drilling, with Valtra 6660 Lindgren et al. (2002)
Tractor Tractor, production 0.006/0.002 kg Ecoinvent®
Spreading equipment Agriculture machinery, general, prod. 0.014/0.006 kg Ecoinvent®

2 Ecoinvent Centre (2010).
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Data on transports included in the study are given in Table B.

Table B

Transport included in the study.

J. Spangberg et al. / Science of the Total Environment 493 (2014) 209-219

Transport Transport mean Load factor (%) Distance (km) Data source for emissions
Pipes
China-Rotterdam Transoceanic freight ship 65 19,500 Ecoinvent®
Rotterdam-hh?* Lorry 16-32 t, EURO5 Ecoinvent” 1,120 Ecoinvent®
Collection tank
Cement, general Lorry 16-32 t, EURO5 b 50 Ecoinvent®
Concrete, general Lorry 16-32 t, EURO5 b 15 Ecoinvent®
Reinforcing steel
Mo i Rana-Halmstad Transoceanic freight ship 65 1,800 Ecoinvent*
Halmstad-hh?® Lorry 16-32 t, EURO5 b 500 Ecoinvent®
Transport hh? to farm Tractor 4+ megatrailer <30 t, EURO3 50 30 NTM (2013)
From farm to field Included in the data on spreading
Chemical fertiliser
Uusikaupuuki-Ahus Transoceanic freight ship 65 700 Ecoinvent®
Ahus-Vixjo Lorry 16-32 t, EURO5 b 160 Ecoinvent®
Vaxjo-farm Lorry 16-32 t, EURO5 b 430 Ecoinvent®
Phosphate rock
Kola peninsula-farm Lorry 16-32 t, EURO5 b 1,600 Ecoinvent®

¢ hh = household.

b Load factor calculated by the model TREMOVE based on European data (Ecoinvent Centre, 2010).

¢ Ecoinvent Centre (2010).
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