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ABSTRACT

Due to the growing need for phosphorus and nitrogen in food production,
more attention needs to be paid for the efficient recovery and safe recycling of
wastewater nutrients and organic matter back to agriculture. Source
separation of household wastewaters has emerged as an efficient way to
recover these nutrients. This can be accomplished by collecting and treating
nutrient-rich and nutrient-poor wastewater separately. The nutrients can be
recovered in a plant-available form without being mixed with harmful
substances from sources other than toilet water. In addition, nutrient recovery
is technically easier when the nutrients are undiluted and thus present in
higher concentrations.

The objective of this dissertation was to analyze the life cycle environmental
impacts, advantages and drawbacks, of wastewater management to improve
nutrient recovery by source separation in urban, peri-urban and rural areas.
Moreover, the limitations of life cycle assessment (LCA) in assessing the
environmental impacts of nutrient recovery and recycling were analyzed.

The results indicate a substantial increase in the nutrient recovery potential
with source separation of wastewaters in urban, peri-urban and rural areas
compared to conventional wastewater treatment systems. In urban areas, the
source separation of wastewater would allow up to ten times higher nitrogen
recovery compared to the conventional system. In rural areas, the source
separation of wastewater would bring even greater benefits. Phosphorus
recovery could be improved 3-5 times and nitrogen recovery over 30 times.

Moreover, improved recovery and recycling of nutrients by source
separation would reduce the climate impact of wastewater treatment in urban
areas by about half, but the climate impact in rural areas would remain at the
same level. Source separation of wastewater would also reduce eutrophication
of water bodies, especially in rural areas. Instead, acidifying emissions may
increase.

However, the actual environmental benefits of improved nutrient recovery
and recycling require the realization of avoided emissions, which rely strongly
on the decisions made in the planning and design of the system and on the
policies and decisions made in the society. LCA offers a good tool to support
planning, decision making, and policy related to nutrient recycling. However,
the LCA methodology still needs further development and accepted rules to
take into account the impacts of organic matter in recycled nutrients.

Tackling the inefficiencies of nutrient recovery and recycling promotes the
transition towards circular economy and carbon neutrality in wastewater
management. Source separation of wastewaters offers one way to accomplish
these. Source separation allows for more efficient nutrient recycling and
supports the self-sufficiency of fertilizers. This requires that the nutrients are
recovered and processed into safe end products. To realize the nutrient



potential and environmental benefits of the agricultural use of wastewater-
based nutrients, policy support and careful planning from a life-cycle
perspective are needed.



TIVISTELMA

Ruuan tuotannolle valttimattomien ravinteiden, fosforin ja typen, kasvavan
tarpeen vuoksi tulee kiinnittida enemmén huomiota jiateveden ravinteiden
talteenottoon ja turvalliseen Kkierrdtykseen. Kotitalouksien jitevesien
syntypaikkaerottelu (erotteleva sanitaatio, jatevesien erilliskerdys) on todettu
tehokkaaksi tavaksi ottaa talteen jiateveden ravinteita kasveille
kayttokelpoisessa muodossa. Jiatevesien erottelu voidaan toteuttaa keraamalla
ja kasittelemalld erikseen ravinnerikkaat (kdymaéldvesi) ja ravinnekoyhit
jatevedet (harmaa vesi). Samalla voidaan vdhentda ravinteisiin paatyvia
haitta-aineita. Lisdksi ravinteiden talteenotto on teknisesti helpompaa, kun
ravinteet ovat suurempina pitoisuuksina.

Taman vaitoskirjan tavoitteena oli arvioida jiatevesien ravinteiden
talteenoton tehostamista jitevesid erottelemalla, sen elinkaarisia
ymparistovaikutuksia, etuja ja haittoja kaupunki- ja haja-asutusalueilla.
Lisdksi tyon tavoitteena oli analysoida elinkaariarvioinnin (LCA)
menetelmaillisida rajoituksia ravinteiden talteenoton ja kierrityksen
ympdéristovaikutuksien arvioinnissa.

Viitoskirjan tulokset osoittavat, etté jatevesien erottelulla voidaan tehostaa
ravinteiden talteenottoa huomattavasti sekd haja-asutusalueella etta
kaupunkialueilla tavanomaiseen kasittelyyn verrattuna.
Kaupunkiymparistossa jatevesien erottelu mahdollistaisi jopa yli kymmenen
kertaa suuremman typen talteenoton. Haja-asutusalueella jatevesien
erottelulla saavutettaisiin vield suurempi hyoty. Fosforin talteenotto voisi
tehostua noin 3-5 kertaa suuremmaksi ja typen yli 30 kertaa suuremmaksi
tavanomaiseen kisittelyyn verrattuna.

Tulosten mukaan ravinteiden tehokkaampi talteenotto ja kierrdttiminen
jatevesid erottelemalla véhentdisi kaupunkialueilla jatevedenkasittelyn
ilmastovaikutuksia noin puoleen, mutta haja-asutusalueella vaikutukset
pysyisivit arviolta samalla tasolla. Jatevesien erottelu vihentdisi myos
vesist6ja rehevoittavia vaikutuksia, erityisesti haja-asutusalueella. Sen sijaan
happamoittavat paastot voivat kasvaa.

Tehokkaammalla ravinteiden talteenotolla saavutettujen
ymparistohyotyjen toteutuminen edellyttdd usein viltettyjen paastojen
(energia, ravinteet) toteutumista, joka on voimakkaasti riippuvainen seka
erottelevan jarjestelmin suunnittelusta ja toteutuksesta ettd yhteiskunnassa
toteutettavasta politiikasta ja paatoksenteosta. LCA-menetelmad soveltuu
hyvin suunnittelun tyokaluksi sekd padtoksenteon tueksi ravinteiden
kierriatyksessd. Menetelma vaatii kuitenkin vield kehitystd ja yhteisesti
sovittuja kaytantoja, erityisesti kierratyslannoitteiden sisdltiméan orgaanisen
aineksen vaikutusten sisallyttdmiseksi.

Jatevesien ravinteiden talteenoton ja kierratyksen tehostaminen jatevesia
erottelemalla edistdd vesihuollon kiertotaloutta ja hiilineutraaliutta.



Ravinteiden tehokkaampi talteenotto jatevesisti vahvistaa my0s
huoltovarmuutta. Talteen otettujen ravinteiden kierrdtys takaisin
maatalouteen kuitenkin edellyttdad, ettd ravinteet jalostetaan turvallisiksi
lopputuotteiksi. Ravinnepotentiaalin ja ymparistohyotyjen saavuttaminen
edellyttda poliittista tukea jitevesipohjaisten ravinteiden maatalouskaytolle
seki huolellista suunnittelua elinkaarinikokulma huomioiden.
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1 INTRODUCTION

1.1 BACKGROUND

For decades, the priority of wastewater management has been to keep the
environment clean and maintain the health of the population. From the
historical point of view, advanced wastewater management and water supply
have significantly improved the health of the population and reduced
mortality, especially in urban areas, by reducing exposure to water and food-
borne diseases (Harris and Helgertz, 2019). In addition, advanced wastewater
management has improved the state of the environment.

The Sustainable Development Goals for 2030 (SDGs) include specific
targets such as adequate sanitation for all (SDG 6.2), protection of water
resources from (nutrient) pollution (SDG 14.1), as well as increased safe reuse
of wastewater fractions (SDG 6.3) (United Nations, 2021). In 2020, 62% of the
urban and 44% of the rural population worldwide had access to safely
managed sanitation services (WHO and UNICEF, 2021). However, most of the
world’s wastewater is discharged without treatment (WWAP, 2017).

In today’s Finland, approximately 85% of the population is connected to
the municipal sewage collection network (Lapinlampi, 2021) and all urban
wastewater is collected and treated centrally. The maximum permissible
pollution loads for treated wastewater are set in the environmental permits of
the plants. Since the mid-1970s, this end-of-pipe policy has succeeded in
significantly improving the quality of water discharged from municipal
wastewater treatment plants, and currently point sources of phosphorus load
account for less than 15% of Finland’s nutrient inputs to the Baltic Sea. In
addition, nitrogen removal began at municipal treatment plants in the mid-
1990s and the efficiency has now improved to approximately 60% (Finnish
Environment Instutute, 2019), while Finland’s national implementation plan
of the EU’s Marine Strategy Framework Directive has set a target to at least
70%. (MSFD, 2008; Laamanen, 2016; Riike et al., 2019). However, the
dicharged water from municipal wastewater treatment remains the second
most significant source of nitrogen load from human activities after
agriculture (Tattari et al., 2015).

In contrast, in sparsely populated areas of Finland, about 350,000
permanent residences and an additional 450,000 holiday homes must treat
their own wastewater on-site to avoid pollution of nearby freshwater
ecosystems and groundwater. There are almost 200,000 lakes in Finland,
often with settlements nearby. The Government Decree on Treating Domestic
Wastewater in Areas Outside Sewer Networks (209/2011) (referred below as
the “On-site Decree”) sets minimum standards for wastewater treatment. The
main objective of the On-site Decree is to protect the nearby water systems,
such as groundwater, wells and shores. However, a significant proportion of
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Introduction

the existing rural on-site wastewater treatment systems are still only septic
tanks, thus failing to meet the legislated treatment requirements (Kallio,
2020).

At the moment in Finland, wastewater from sparsely populated areas and
secondary residences is the second most significant source of phosphorus load
into water systems after agriculture (Tattari et al., 2015). However, the
estimate of the load is computational, and in practice the result depends on,
for example, the on-site treatment practices and the distance to the water
body. Despite the efforts to reduce the loads from diffuse sources, Finland has
not achived its nutrient reduction targets by 2021 (Riike et al., 2020;
HELCOM, 2013).

According to conservative estimates, about 68% of the rural residents are
immediately required to upgrade their on-site systems due to insufficient
treatment (Kallio and Suikkanen, 2019). In addition, the current sewer
networks and WWTPs in urban areas have been reported to need considerable
maintenance and repair (ROTI, 2021).

1.2 NUTRIENTS IN WASTEWATER

The aim of wastewater treatment has been to protect water bodies, which is
why its focus has been on the efficient removal of nutrients and organic matter
— not on their recovery. As the main idea of the end-of-pipe policy is to
determine the maximum permissible pollution loads for wastewater
discharged, the lack of focus on nutrient recovery and recycling has created
other environmental problems over the years.

Firstly, centralized sewer systems are based on the mixing and
transportation of urban, hospital, landfill and industrial wastewater, resulting
in a dilute mixture of nutrients and organic matter along with a widerange of
different chemical compounds and contaminants (Rogers, 1996; Kuster et al.,
2005; Diaz-Cruz et al., 2009). As current practices in wastewater and sludge
management only remove some of the contaminants, some of the harmful
substances end up in discharged water and sludge (Magnusson and Norén,
2014; Vieno, 2014; Talvitie et al., 2017; Vieno et al., 2018; Ylivainio et al.,
2020; Lehtoranta et al., 2021a). The direct application of sludge-based
products involves uncertain risks from contamination of soil, crop and water
bodies with pathogens, heavy metals, micro-organic pollutants (e.g.
pharmaceuticals etc.) (Seleiman et al., 2020) and microplastics (Hurley and
Nizzetto, 2018; Schell et al., 2022). The safety concerns have reduced society’s
willingness to recycle wastewater-based nutrients and organic matter back
into agriculture (Simha et al., 2017, 2021a).

Secondly, only a small fraction of the nutrients (phosphorus and nitrogen)
originally contained in the wastewater remain and are found in the recovered
sludge in easily plant-available form (Warman and Termeer, 2005). In
Finland, approximately 4,000 tonnes of phosphorus and 32,600 tonnes of
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nitrogen end up in wastewater treatment plants annually (Finnish
Environment Institute, 2019). The nutrient removal efficiency is advanced on
a global scale, being about 96% for P and 60% for N (Finnish Environment
Institute, 2019). However, with current energy-intensive nitrification-
denitrification processes in wastewater treatment plants, about 30% of the
nitrogen in wastewater is lost to air in evaporation (Fig. 1.). Another one third
of the nitrogen returns to the beginning of the treatment process during the
drying of the sludge and the rest ends up in the discharge water and sludge.
(Lehtoranta et al., 2021a.) In addition, the removal of phosphorus is based on
chemical precipitation, which binds phosphorus to the sludge, which at the
same time impairs its availability to plants (Tidaker et al., 2006b; Ylivainio et
al., 2020).

Phosphorus 4%

1%
Discharge / = 4 Losses
68 %

Solid fraction
Liquid fraction

96 %

Sludge
treatment

30 %

Nitrogen
Athmosphere
Athmosphere
0,
Wastewater e
Discharge
36 % / Solid fraction
Sludge
treatment Liquid fraction

Figure 1 The average phosphorus and nitrogen flows in wastewater treatment in Finland.
Sludge treatment includes pretreatment and digestion of sludge. Composting is not
included. According to current Finnish practices, the liquid fraction is led to the
beginning of the process. Figure modified from Lehtoranta et al. (2021a).

The sewage sludge formed in the wastewater treatment process is typically
post-treated by anaerobic digestion and the digestate is composted
(Lehtoranta et al., 2021a). Most of the remaining soluble nitrogen evaporates
during composting and the remaining nitrogen is in an organic form that is
slowly available to plants (Nacry et al., 2013).
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Currently, treated sewage sludge is most commonly utilized in agriculture
(47%) in Finland, and less than half (40-45%) ends up in landscaping
(Vilpanen and Seppaild, 2021). When sludge is used for landscaping, multiple
times higher amounts are used per area compared to agricultural use.
Nutrients end up in the soil excess the need of plants’ and, some leach into
surface and groundwater, making landscaping in urban areas not a way to
recycle nutrients and organic matter, but rather a way to dispose sludge.
Indeed, diffuse pollution in urban areas has been reported high (Valtanen et
al., 2015) which may deteriorate the ecological quality of receiving waters.

In rural areas, in addition to the fact that legal requirements for household
wastewater management are not always complied with, the commonly used
septic tank retains only a small fraction of nutrients, about 5-25% of
phosphorus and 5-15% of nitrogen, in the sewage sludge (Olshammar et al.,
2015; Malila et al., 2019a). The sludge from septic tank or other type of on-site
wastewater treatment system is collected from households and transported to
wastewater treatment plants, where it is diluted and mixed with other
wastewater for further treatment. Therefore, most of the nutrients produced
in residential areas end up in the environment causing a risk of pollution. Also,
the on-site wastewater treatment system requires maintenance by its resident
to ensure it works properly. Neglecting the maintenance may deteoriate
nutrient rentention in the sludge, resulting in higher emissions to the
environment.

1.3 INEFFICIENCES IN NUTRIENT RECYCLING

There is a growing global demand for nutrients in food production, which is
expected to increase as the population grows (FAO, 2006). The extensive
mining of phosphate rocks has led to a significant depletion of known stocks,
resulting in the inclusion of phosphate rock in the EU’s list of critical raw
materials (European Commission, 2017). However, in 2011, the amount of
economically available reserves was estimated to be considerably higher than
previously estimated (Jasinski, 2011). Phosphorus reserves are geologically
unevenly distributed, with 77% of the world’s resources located in Morocco
and its share is excpected to increase in the future (Cooper et al., 2011;
Jasinski, 2011). In addition, the quality of the remaining phosphate rock
deteriorates, leading to an increase in its production costs (Cordell et al.,
2009). Within the EU, phosphorus is only produced in Finland.

In addition to phophorus, nitrogen fertilizers are essential for plant
nutrition. In Finland, the imports of nitrogen fertilizers and their raw
materials have been dependent on Russia. Since the start of Russia’s war of
aggression against Ukraine, the availability of nitrogen fertilizers and their raw
materials have collapsed. Before the war, the prices of nitrogen fertilizers had
already risen to their highest levels globally by the end of 2021 (Myers and
Nigh, 2021), and prices have continued to rise due to the war in Ukraine. In

18



addition, the production of nitrogen fertilizers is responsible for about 0.8%
of global greenhouse gas emissions due to its high consumption of natural gas
(Brentrup, 2009). Ensuring the availability of nutrients and the sustainability
of their production are a critical issue for global food production and security.

In Finland, food production and consumption systems have been studied
to be clearly the largest phosphorus and nitrogen flow sectors (Antikainen,
2007). As a result of food consumption, part of the nutrients bound to the food
are excreted in urine and feces into the wastewater. Both urine and feces
contain vital nutrients (phosphorus and nitrogen) for food production. In the
urine, the nutrients are in a water-soluble ionic form that are readily available
to plants (Schonning, 2006; Udert et al., 2006; Viskari et al., 2018). Nutrients
are somewhat less available in the feces due to their binding in organic
material (Spangberg et al., 2014). The nutrient content of urine and feces
excreted by the Finnish population before loss, is altogether approximately
27,760 tonnes of nitrogen and 4,148 tonnes of phosphorus. This corresponds
to 19% of the total nitrogen and 36% of the total phosphorus in chemical
fertilizers sold to farms in Finland (Natural Resource Institute Finland, 2022).
However, instead of effectively recycling wastewater nutrients back into food
production or other efficient utilization, the need of nutrients in agriculture is
replaced by introducing more mineral fertilizers into the system.

Due to the openness of the food production and consumption system
(Antikainen, 2007), nutrient leakage in the sector causes environmental
problems such as eutrophication, acidification, climate change and waste of
natural resources. In addition to the inefficient recovery and reuse of
wastewater nutrients, biological processes in wastewater induce methane and
nitrous oxide emissions, both of which are strong greenhouse gases. Despite
the fact, that about 15% of the population in Finland lives outside the sewerage
network, their share of the greenhouse gas emissions from wastewater
treatment is 55% according to the national greenhouse gas inventory (Fig. 2)
(Lapinlampi, 2021; Statistics Finland, 2021).
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Figure 2 Reported emissions of methane (CHa) and nitrous oxide (N20) in Mt CO2 eq./year
from wastewater treatment by national greenhouse gas inventory in 2019 (Statistics
Finland, 2021).

1.4 SOURCE SEPARATION OF WASTEWATER

Apart from end-of-pipe solutions, source separation has emerged as an
efficient way of recovering wastewater-based nutrients while enabling energy
production at the same time. Furthermore, source separation of wastewaters
can be accomplished either by collecting and treating separately the
wastewaters generated by society (hospitals, households, industry, landfills)
or more specifically, at the household level, which is the focus of this study.
Household wastewater contains a mixture of nutrient-rich blackwater
(containing feces, urine and toilet paper) and nutrient-poor grey water (from
kitchen appliances, showers, etc.). If the nutrient-rich part of the wastewater
is not mixed with grey water in the household and municipal wastewater
treatment plant with other nutrient-poor waters (e.g. industrial wastewater,
stormwater and infiltration), the nutrients can be recovered more easily and
without mixing with harmful substances from sources other than toilet water
(Jonsson et al., 2005; Tiddker et al., 2006b; Saliu and Oladoja, 2021). In
addition, nutrient recovery is technically easier in systems where the nutrients
are not diluted and are thus present in higher concentrations. Moreover,
source separation retains the fertilizing characteristics of each fraction
(Wielemaker et al., 2018).

In addition to effective nutrient recovery, the safety of recovered nutrients
can be improved without mixing the nutrients with harmful substances
originating from other sources. Furthermore, in source separation systems,
both the risk of pathogens in the final products (Xue et al., 2016; Vidal et al.,
2019) and the heavy metal content have been estimated to be very low
(Lennartsson et al., 2009). However, urine contains majority of the
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pharmaceuticals and hormones (Udert et al., 2006), but the concentration of
extractable pharmaceutical and hormones in the soil fertilized with source
separated urine has been studied to remain below the detection unit (Viskari
et al., 2018). Thus, source separation systems increase the potential for
nutrient recovery, but also the potential for using the nutrients as fertilizers in
a more soluble and contaminant-free form.

In households, the source separation can be accomplished with urine-
separating toilet types or by collecting all toilet effluents in a single fraction
(blackwater). Blackwater covers only 15% of the whole domestic wastewater
volume in Finland (Motiva, 2020), but contains about 90% of the nitrogen and
80% of the phosphorus (Viskari et al., 2017; Saliu and Oladoja, 2021). In
contrast, urine accounts for less than 2% of domestic wastewater volume and
contains about 80% of the nitrogen and about half of the phosphorus and
potassium (Jonsson et al., 2005). Thereby, the separation of blackwater allows
highest recovery of nutrients, but urine separation maximises the amount of
nutrients in the separated fractions and minimises the additional burden from
faecal pathogens at the same time (Viskari et al., 2021). All in all, both
blackwater and urine separation systems therefore have great potential for
nutrient recovery.

The technology for source separation (especially blackwater separation) is
advanced, and is already utilized e.g. in sea transportation, trains and
airplanes, but the source separated wastewaters are typically afterwards mixed
with other wastewaters and treated at WWTPs. In recent years, source
separation systems have also been implemented in urban areas and new,
larger systems are being planned (Lennartsson and Kvarnstrém, 2017;
Skambraks et al., 2017; Stowa, 2018; Gomez et al., 2020).

1.5 POLICY MEASURES AND DECISION MAKING IN
NUTRIENT RECYCLING

Nutrient recovery is one of the key drivers promoting sustainability and
circular economy in wastewater management (Hoffmann et al., 2020; Larsen
et al., 2009) and food systems (Tseng et al., 2019). Increasingly, wastewater is
seen as a valuable source of nutrients, energy and water (Van der Hoek et al.,
2002; Sutton et al., 2011; Van der Hoek et al., 2016; Salgot and Floch, 2018;
Rodriguez et al., 2021). Recently, interest in nutrients in wastewater has also
increased as a means to improve the security of nutrient supply. Given the
growing need for nutrients in food production, such as phosphorus and
nitrogen, more attention should be paid to the efficient recovery and safe
circulation of wastewater nutrients to agriculture.

In the European Union, the legislation framework supporting the recovery
and recycling of wastewater nutrients is currently partially outdated, but
under renewal. The framework has been found to be unclear and nutrient
recycling has been governed by fragmented decision-making (Hukari et al.,
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2016). In Finland, nutrient recycling has been actively promoted since 2010,
when the government issued a Baltic Sea commitment (Working Group
Memorandum, 2011). According to the Nutrient Recycling Action Plan of
Finland (2019-2030), the aim is to utilize recycled nutrients, including those
in sewage sludge, mainly as fertilizers by 2030 (Ministry of the Environment,
2019). Currently, the legislation on fertilizers and their origin is being
reformed in Finland, and the acceptance of wastewater-based nutrients is one
of the key issues for stakeholders.

To meet the demands of the society and the global and national
sustainability and nutrient recycling targets, wastewater treatment systems
need to be developed to achieve safe and efficient recycling of nutrients and
organic matter. In addition, Finland’s wastewater treatment infrastructure is
aging with a hundreds of millions of euros reparation dept in the maintenance
of water and sewer networks and wastewater treatment systems (ROTI, 2021).
Moreover, failures to meet the legislated treatment requirements and
difficulties in transportation and treatment of collected sludge in rural areas
support the need for transition. It is therefore topical to explore alternatives
alongside the renewal of the current system to meet the targets of nutrient
recycling and the circular economy in the future in both urban and rural
context.

1.6 OBJECTIVES OF THE STUDY

In previous research, Life Cycle Assessment (LCA) has been applied to source
separation systems mostly in urban concepts (Remy and Jekel, 2012;
Spangberg et al., 2014; Kjerstadius et al., 2015; 2017) while rural concepts have
received less attention (Tidaker et al., 2006a; Benetto et al., 2009). Therefore,
there exists a lack of research data on the potentials and differences between
these concepts. The objective of this thesis is to analyze, from a life cycle
perspective, source separation systems in urban, peri-urban and rural settings.
More precisely, the main objective of this thesis is to analyze the life cycle
environmental impacts, advantages and drawbacks, of wastewater
management pursuing improved nutrient recovery with source separation of
nutrient rich wastewaters from households. A specific methodological goal is
to reveal the limitations of life cycle assessment (LCA) in assessing
environmental impacts of nutrient recovery and recycling.
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The specific research questions of this thesis are:

1. How source separation of wastewater contributes to
sustainability in terms of life cycle environmental impacts
(climate, freshwater eutrophication, acidification) and
nutrient recovery potential compared to the conventional
system in urban, peri-urban and rural areas of Finland?

2. How the recovery and recycling of nutrients contributes to the
climate impacts of wastewater management and what are the
most critical uncertainties and methodological limitations
regarding the assessment?

3. What is the contribution and relevance of source separation

systems in pursuing change towards circular economy in
wastewater management?
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2 MATERIALS AND METHODS

2.1 THEORETICAL FRAMEWORK

In the scientific field of industrial ecology, the interactions between human
activities and the environment are analyzed (Socolow et al., 1994). The aim of
industrial ecology is to reduce resource consumption as well as environmental
impacts through closed loop of materials and substances. The closed-loop
economy is the core of industrial ecology (Ayres and Ayres, 2002).

The concept of circular economy combines a wide range of sustainability
sciences and industrial ecology. Korhonen et al. (2017) defines circular
economy as ‘an economy constructed from societal production-consumption
systems that maximizes the service produced from the linear nature-society-
nature material and energy throughput flow’. This can be achieved with
cyclical material flows, renewable energy resources and cascading-type energy
flows. Circular economy has been promoted by the European Union and
several national governments and businesses around the world (Korhonen et
al.,, 2017). At the European Union level, targets on circular economy are
ambitious and according to the recently accepted Circular Economy Action
Plan, EU aims to have a carbon neutral, sustainable, toxic-free, and fully
circular economy by 2050 (European Commission, 2020).

Alongside with circular economy, technological change is one of the key
elements of industrial ecology. Socio-technical transitions and long-term
transformation processes are fundamental in shifting to more sustainable
modes of production and consumption (Geels and Schot, 2010). Socio-
technical change requires a change in infrastructure and technologies, as well
as in people’s practices and attitudes (Geels, 2005; Shove, 2014).

In food systems, where nutrient recycling plays an important role, the
socio-technical change towards circularity has been studied for example by
Jurgilevich et al. (2016). They suggest that the regulation of nutrient flows
should be conducted using a cross-sectoral approach and that a coordinated
and comprehensive policy should be developed. Jurgilevich et al. (2016) calls
for more focus and incentives on nutrient recovery and recycling practices and
the strengthening of local food systems.

Several system analysis tools are utilized to analyze the interactions and
impacts between natural environment and technosphere. In this thesis
Substance Flow Analysis (SFA) and Life Cycle Assessment (LCA) are applied.
These methods are presented in the following sections.
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2.2 METHODOLOGICAL FRAMEWORK

2.21 SUBSTANCE FLOW ANALYSIS

Substance Flow Analysis (SFA) is a generic method to quantify flows and
stocks of substances or material in various contexts and scales (Van der Voet,
2002). The main principle of SFA is mass balance; the inflow into the system
is equal to the outflows (plus stock changes). With SFA, it is possible to detect
potential leaks and inefficiencies.

Antikainen (2007) has analyzed the total nitrogen and phosphorus flows in
Finland with SFA. SFA has also been widely applied to assess engineering
processes and in several applications and models in wastewater and nutrient
recovery studies (Breen, 1990; Fan et al., 1996; Puig et al., 2008; Tervahauta
et al., 2013; Khiewwijit et al., 2015; Venkatesean et al., 2016; Hong et al., 2019;
Cai et al.,, 2020). According to Antikainen (2007), SFA is typically not a
sufficiently detailed decision-making tool, and should be supported by other
methods, such as LCA.

Papers II-IV of this study used SFA to analyze the nitrogen (N) and
phosphorus (P) recovery potential in household wastewater management
systems. The nutrient recovery potential was calculated to describe the
proportion of nutrients, that are (reference system) or could be recovered
(scenarios) out of the total amount of nutrients excreted in household
wastewater. The nutrient recovery potential was calculated from bottom up,
starting from the excretion of nutrients to wastewater treatment to the
management and storage of fractions. For each activity, the fractions of
volatile compounds and nutrients discharged were determined. As a result, the
recovered nutrient potential for households per capita per year (kg N and
P/year/person) of source separating systems and conventional system was
determined (Papers II and III). In Paper IV, calculations were made by region
for Northern Finland and Sweden, and separately for urban, peri-urban and
rural areas.

2.2.2 LIFE CYCLE ASSESSMENT

Life Cycle Assessment (LCA) is a method for assessing the potential
environmental impacts during the entire life cycle of a product, process, or
service, based on ISO 14000 series (ISO 14040, 2006). The two main
approaches of LCA have been defined as Attributional LCA (ALCA) and
Consequential LCA (CLCA) (Curran at al., 2005; Finnveden et al., 2009). The
ALCA analysis aims to describe the systems as it is — more specifically, it is an
estimate of the share of the global environmental impact of the system or
product under investigation (Weidema, 2003). According to Finnveden et al.
(2009) ALCA is defined as following: ‘LCA aiming to describe the
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environmentally relevant physical flows to and from a life cycle and its
subsystems’. This approach is typically used to assess the carbon footprint of
products. In CLCA, on the contrary, the aim is to describe how the
environmental impacts are affected by the production and use of the product,
or how the impacts would change as a consequence of a decision or action
(Ekvall and Weidema, 2004; Finnveden et al., 2009, Ekvall et al., 2016). As a
result, the main differences between these approaches lie within the system
boundary definition and the input data used for calculations. Hence, the ALCA
uses allocation and average data, while the CLCA uses system expansion and
marginal data. (Ekvall, 2019.) However, a consensus on the differences
between the methods are still lacking (Schaubroeck et al., 2021) and varying
interpretations are common in the actively evolving LCA field (Ekvall et al.,
2016; Ekvall, 2019).

In practice, the assessment consists of four phases (ISO 14040, 2006): goal
and scope definition, life cycle inventory analysis (LCI), life cycle impact
assessment (LCIA) and interpretation. The goal and scope of the study define
the appropriate system boundary and other methodological choices, such as
allocation methods and functional unit. The functional unit describes the
function of the product or process under study whose environmental impacts
are being assessed (Finnveden et al., 2009). Uncertainties in the assessment
are recommended to be analyzed and several methods can be applied to it,
such as Monte Carlo analysis.

LCA has been seen as a useful tool for the systematic investigation of the
life cycle environmental impacts of wastewater management systems
(Corominas et al. 2013; Huegel, 2000) and has been applied since 1990s
(Tillman et al., 1998). Several studies have compared the sustainability of
wastewater treatment systems with LCA, for example, Renou et al. (2008),
Emmerson et al. (1995), Brix (1999), and Balkema et al. (2001). Moreover, the
source separation of wastewater has been analyzed with LCA both in urban
and rural concepts by Tidaker et al. (2006a), Benetto et al. (2009), Remy and
Jekel (2012), Spangberg et al. (2014), Thibodeau et al. (2014) and Kjerstadius
et al. (2015; 2017). However, for the first time, this thesis brings together
urban, peri-urban and rural concepts.

In this study, LCA was carried out to analyze the environmental impacts of
household wastewater management and the role of source separation in
nutrient recovery both in rural and urban context (Table 1). In Paper I, an
ALCA was constructed to describe the carbon footprint of the available
alternative on-site wastewater management systems, where avoided products
(carbon storage of nutrient rich biomass) were credited in product systems.
Calculations were made by using the matrix method in Microsoft Excel for
solving the set of linear equations representing the processes (Suh and
Huppes, 2005). In Papers II and III, the aim of the LCA was to analyze, how
the environmental burden will change in rural on-site wastewater treatment
systems (rural systems) and urban wastewater treatment systems (urban
systems) due to improved nutrient recovery of source separation. Therefore,
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the approach chosen was CLCA as Heimersson et al. (2019) recommends.
Calculations for Papers IT and IIT were made with Microsoft Excel and by using
SimaPro-program.

For impact categories, climate change (CO- eq.), freshwater eutrophication
(PO4 eq.) and acidification (SO: eq.) were chosen for study. Freshwater
eutrophication and acidification are both impact categories strongly
connected to nutrient recycling. Eutrophication is a process in which water
ecosystem becomes enriched with nutrients, which increases production and
the risk of oxygen depletion. Acidification is a process in which the decrease in
pH in the soil, due to e.g. ammonia emissions, reduce the availability of
nutrients to plants and increase the solubility of toxic aluminium and heavy
metals, causing damage to ecosystems.

Table 1. A summary table on applied methodologies of Papers I-IV.
Paper1 Paper I1 Paper I11 Paper IV
Region Rural Rural Urban Regional (urban,
peri-urban,
rural)
Scale Household of Household of City district for Northern
three persons  three persons 26,000 Finland and
inhabitants and Sweden; urban,
6,510 jobs peri-urban and
(including rural areas
schools and day
care)
Methodo- ALCA CLCA, SFA CLCA, SFA SFA, CLCA as
logical synthesis from
framework Papers II & IIT
Functional One year’s use The amount of The amount of The amount of
unit of an on-site nutrients and nutrients and nutrients and
system wastewater wastewater wastewater
functioning produced in produced in one produced in one
according to one year per year year
the person
requirements
set for in the
On-site Decree
Impact climate climate climate change, climate change,
categories  change, change, freshwater freshwater
freshwater freshwater eutrophication, eutrophication,
eutrophication eutrophication acidification acidification
, acidification

27



Materials and methods

Emission Climate Climate change Climate change
character- change: IPCC and and
rization 2007 acidification: acidification:
characterizatio ReCiPe ReCiPe
n factors Midpoint H, Midpoint H,
(Solomon et completed completed with
al., 2007) with the GWP the GWP
characterizatio characterization
Freshwater n factors for factors for CH,
eutrophication CH, and N,O and N,O (IPCC,
: Seppéld et al.,, (IPCC, 2014). 2014).
2004.
Freshwater Freshwater
eutrophication eutrophication:
: Seppald et al., Seppéld et al,
2004. 2004.
Normali- Not considered Normalization Not considered
zation and was performed
weighting using
European level
normalization
factors
(ReCiPe
Midpoint H
method). No
weighting was
taken into
account.
Nutrient Not considered Yes Yes
recovery
considered
Methods Scenario Not considered Scenario
for analysis (one- analysis (one-at- variation (SFA)
uncertainty at-a-time a-time (OAT)
analysis (OAT) sensitivity
sensitivity analysis)
analysis)
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2.3 DESCRIPTION OF CASE STUDIES AND SYSTEM
BOUNDARIES

2.3.1 CASE STUDIES IN PAPER |

In Paper I, the goal of the study was to analyze the commonly available on-site
wastewater treatment options for rural areas of Finland which meet the
requirements of the On-Site Decree (The Government Decree on Treating
Domestic Wastewater in Areas Outside Sewer Networks (209/2011)) in
reaching the purification performance (85% reduction in phosphorous, 40%
in nitrogen and 90% in biological oxygen demand (BOD)). Six alternatives
were chosen for comparison: A) sequencing batch reactor (SBR), B) biofilter,
C) soil infiltration, D) buried sandfilter, E) holding tank for blackwater and
soil infiltration for grey water, and F) dry toilet with grey water treatment.
Also, two sub-alternatives were used for grey water treatment: soil infiltration
and pre-fabricated grey water filter. In the latter two systems, the grey and
blackwater were sewered separately. In this thesis, the buried sand filter (D)
was chosen as a reference and compared to alternatives E (blackwater
separation) and F (urine separation with dry toilet and soil infiltration for grey
water).

The sludge and blackwater formed at the on-site treatment (E, F) were
transported to a municipal WWTP for further treatment. The sludge from
WWTP was composted and peat was used as a supporting material. The
composted sludge was utilized in landscaping. Both urine and compost from a
separating dry toilet were used for fertilization on the property.

2.3.2 CASE STUDIES IN PAPERII

In Paper II, the goal of the study was to analyze two alternative source
separation systems designed for nutrient recovery (blackwater and urine
separation systems) and to compare them with the current rural wastewater
treatment system (Fig. 3). The rural reference system was defined as a system
in which all household wastewater was treated together in an on-site three-
chamber septic tank followed by a sand filter. The sludge from the septic tank
was transported to a WWTP for further treatment (including anaerobic
digestion and composting). In the urine separation system, urine and feces
were collected separately in a separating dry toilet. The collected urine was
stored on the property in a closed tank and transported to the field once a year
to be utilized as fertilizer. Feces was composted in a composter and the
compost used at the property. The grey water was treated in the same way as
in the reference system, except that the septic tank sludge was transported to
the WWTP once a year. In the blackwater separation system, urine and feces
were collected together in a vacuum toilet system in order to minimize the
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water consumption and the need for transportation. The blackwater was
transported to a local anaerobic digestion plant. The biogas produced was
utilized in combined heat and power production (CHP). The digestate was
used for fertilizer purposes and the grey water was treated in the same manner
as in the urine separation system. The reject water from the AD-plant was
assumed to be recycled back into the process.
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Figure 3 Summary of SFA and LCA system boundaries for reference system and source

separation scenarios in Paper II.
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2.3.3 CASE STUDIES IN PAPERII

In Paper III, the goal of the study was to analyze two alternative source
separation systems designed for nutrient recovery (blackwater and urine
separation systems) and to compare them with the conventional wastewater
treatment system in urban context at Hiedanranta, Tampere. The analysis
covered all wastewater generated in the Hiedanranta district, which has
26,000 inhabitants and 6,510 jobs once all the planned houses have been built.
Hiedanranta is an old factory area in Tampere, Finland, where a new, smart,
and sustainable city district is being planned by taking a collaborative
approach. Thus, only mature technologies were chosen. Two scenarios for
source separation were developed for comparison: A) urine separation with
separating water-flush toilets, and B) blackwater separation with vacuum
toilets.

The generated wastewater fractions in the reference system and source
separating scenarios (Fig. 4) were assumed to be either fully or partially
treated at the Sulkavuori WWTP and the produced sludge to be digested and
composted. The composted sludge was utilized in agriculture. In the
separating systems, grey water and feces (A), or only grey water (B) were
assumed to be treated at the Sulkavuori WWTP in the same way as in the
Reference system. In urine separation (A), urine was hygienized in the
basement of block houses for six months, and then collected and transported
for field application. Blackwater (B) was treated at the local AD plant in
Hiedanranta and the reject water from the AD plant was recycled back to the
AD unit in accordance with current Finnish practices. The produced biogas at
Hiedanranta was upgraded to transport fuel. Digestate was used as a fertilizer
and applied to fields.
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Figure 4 Summary of SFA and LCA system boundaries for reference system and source
separation scenarios in Paper Ill.

2.3.4 CASE STUDIES IN PAPER IV

Paper IV compared the implementation of source separation sanitation
systems (urine separation and blackwater separation) in the whole area of
northern Finland and Sweden to the existing, conventional wastewater
management in the peri-urban and rural areas (Fig. 5). The study area covered
North Ostrobothnia, Lapland and Norrbotten.

In this region, 42—47% of the population of the study area lives in urban
areas. The peri-urban areas account for 11—12% of the population and the rural
areas for 41-47 % of the population. In the studied region, 100% of urban and
peri-urban households are connected to the sewage network. The rural areas
consist of areas where houses are connected (17-34%) or not connected (13—
24%) to sewage networks. Therefore, households were allocated into three
groups based on population density and coverage of sewage collection: urban
areas connected to the sewage network (‘urban sewered’); rural and peri-urban
areas connected to sewage network (‘peri-urban sewered’); and rural areas not
connected to the sewage network (‘rural non-sewered’). Summer houses were
not included in the study due to the lack of available data. In urban areas, the
implementation of source separation systems was not assessed since
retrofitting of such systems in built-up areas is more difficult due to the lack
of space and costs, for example (McConville et al., 2017; Hoffmann et al.,

34



2020). Therefore, only peri-urban areas and rural areas were considered for
urine and blackwater separation systems. The calculations were made
separately for these three groups: ‘urban sewered’, ‘peri-urban-sewered’ and
‘rural non-sewered’ and for the three study areas (North Ostrobothnia,
Lapland and Norrbotten). Due to the large size of the region studied and the
variety of practices in the area, a streamlined approach was selected for the
SFA to describe the practices in the region in general.

Under current wastewater management practices, wastewater produced in
‘urban sewered’ and ‘peri-urban sewered’ is treated in municipal WWTPs, and
wastewater produced in ‘rural non-sewered’ areas is treated in on-site
treatment systems and the sludge produced is transported to WWTPs. The
formed sludge is treated either with anaerobic digestion (with or without
composting), composting or kemicond in accordance with current sludge
treatment practices in the study area (presented in more detail in the Paper
IV). The solid fraction from the anaerobic digestion of the wastewater sludge
is utilized and the liquid fraction (reject water) is recycled back to the WWTP
for treatment, which is a common practice in Finland and Sweden. The sludge
is utilized in both agriculture and landscaping in accordance with current
practices in the study area (presented in more detail in the Paper IV).
However, nutrient losses from field application were not included in the SFA
system boundaries due to simplification.

In the scenarios, the conventional system was assumed to be unchanged in
urban areas. In urine separation, urine from ‘peri-urban sewered’ and ‘rural
non-sewered’ was collected and treated centrally in local facilities using
different technologies. Feces and grey water from ‘peri-urban sewered’
communities were treated in WWTPs, as was sludge produced in on-site
systems in ‘rural non-sewered’ households. In blackwater separation,
blackwater from ‘peri-urban sewered’ and ‘rural non-sewered” was treated at
centralised anaerobic digestion plants. Both solid and liquid fractions from the
solid-liquid separation of the digestated sewage sludge were taken into
account. Grey water from ‘peri-urban sewered’ households as well as sludge
produced in grey water treatment systems in ‘rural non-sewered’ households
were treated at WWTPs instead of centralised anaerobic digestion plants, with
the aim to reduce the amounts of harmful substances in the nutrient-rich end
products.
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Figure 5 Summary of SFA system boundaries for reference system and source separation
scenarios in Paper IV.

2.3.5 SYSTEM BOUNDARIES IN LIFE CYCLE ASSESSMENTS

The system boundaries and the processes considered in the LCAs of Papers I-
IIT are summarized in Table 2. Paper IV is a synthesis of Papers IT and III.

The system boundaries between LCAs and SFAs were consistent in Papers
II-III. In Paper IV, the life cycle impacts were estimated based on emission
factors determined in Papers II and III. However, there were some differences
in the system boundaries and in the technologies selected compared to those
used in the SFA (description of the system in section 2.3.4), which needs to be
considered.

The differences within the LCA system boundaries to SFA boundaries in
Paper IV are as follows; the nutrient potential of rejected water was not
included in the LCAs basic assumptions in Papers II and III. In the SFA of
Paper IV, the nutrients in reject waters were includedin the nutrient potential
of the scenarios. Furthermore, the Paper II considered dry toilets instead of
separating water toilets in urine diversion system. In addition, no
sophisticated nutrient recovery technologies were applied for urine treatment
in the Paper IT and III. The sophisticated technologies applied in Paper IV are
presented in section 2.4.5.
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Table 2. Summary table of system boundaries and processes included in Papers I-Ill.
Fraction Paper I PaperII  PaperIII
Daily use at the property
Emissions from toilet system X X X
Energy consumption of the toilet X X X
system
Litter for dry toilet X X
Infrastructure
Infrastructure at the property X X X
Infractructure at WWTP X
Infrastructure at AD-plant X
Construction (sewer systems, X X X
facilities)

Production of equipments (toilets, on- X X X
site treatment plants, pipes etc.)

Transportation

Transportation of the equipments X

Transportation of the recovered X X X

fractions (e.g. sludge, fertilizers)

Sludge/WW treatment at WWTP

Chemicals X X X
Energy consumption X X X
Emissions to water and air X X X
Sludge treatment at anaerobic

digestion

Chemicals X X
Energy consumption and production X X
Emissions to water and air X X
Reject waters (x)
Composting of sludge (from

WWTP)

Emissions to air X b'e X
Energy consumption X X X
Support materials X X X
Storage

Blackwater X X X
Urine (hygienization) X X X
Application of recovered

fractions

WWTP sludge use in landscaping X X

WWTP sludge use in agriculture X X
Urine (and compost) use at the X

property
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Urine use in agriculture X X

Digested BW sludge in agriculture X X
Carbon storage of sludge and compost X

Avoided processes

Substitution of mineral fertilizers X X X
(sludge, blackwater, urine)

Substitution of electricity X X
Substitution of heat X X X
Substitution of transport fuel X

2.4 DATA AND CALCULATION ASSUMPTIONS

This section provides a brief overview of the data and calculation assumptions
for the life cycle inventories (LCI) and SFA. A more detailed description of data
sources and calculation assumptions are presented in the respective Papers.

2.41 BASIC ASSUMPTIONS AND DATA FORLCA

In Paper I, the calculations were made for on-site systems dimensioned for
five persons but for a three-person occupancy rate of 85% annual use (overall
occupancy rate of 51%). The systems life span was estimated to be 30 years. In
addition, in Paper II calculations and wastewater treatment scaling were made
for a three persons household with 85% annual use. The life span of the toilet
system was estimated to be 20 years. In Paper III, the total time span for the
system was 50 years. In addition, 67% of the wastewater from toilets and 90%
of the grey waters were expected to be generated at home. In addition, in the
urine separation system, the separation efficiency of the urine separating toilet
was estimated to be 85%, i.e. 15% of the separated urine was assumed to end
up in the flush water of the WWTP. In Paper II, respectively, 95% of the urine
was assumed to be recovered separately, the rest ended up in the feces.

LCA in Papers I and II included that the old wastewater treatment system
of the house, built between the 1950s and 1970s, including new toilet facilities
and sewer pipes, would be completely renovated. This describes the majority
of situations where the sewage treatment needs to be improved. The Paper 11T
did not have existing wastewater treatment systems, since Hiedanranta is a
new urban city district where it was considered to build source separation
sanitation instead of the conventional system.

The primary data used in LCA and SFA were collected mainly from the
literature in all the Papers, but also from urban plans and environmental
permit applications. The environmental impact assessment report was utilized
especially in Paper III. Moreover, some of the data was received directly from
companies (Papers I and II). The secondary data were obtained mainly
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from Ecoinvent (Swiss Centre for Life Cycle Inventories, 2007) and the
LIPASTO databases (VTT, 2011).

2.4.2 NUTRIENTS IN WASTEWATER

The estimation of the amounts of nutrients produced per person slightly varied
between studies (Table 3). The estimated amount of nutrients produced was
similar in Papers II and III. In Paper IV, lower amounts of excreted nutrients
were used to reduce the risk of overestimation of available nutrients. In
addition, it was assumed that children and teenagers generate 50% less urine
and 30% less feces than adults (Laak, 1974; Almeida et al., 1999; Karak and
Bhattacharyya, 2011). The share of children and teenagers in the total
population was defined as 15.8% in Finland (Statistics Finland, 2019) and
23.3% in Sweden (Statistics Sweden, 2021). In Papers II-III, only total
nitrogen (Ntot) was calculated for SFA, but in Paper IV also the share of
ammonium nitrogen (NH4-N) was considered.

Table 3. The amount (kg) of nutrients and BOD produced annually by a person.

Fraction P (kg/a/person) Ntot NH,-N BOD,
(kg/a/person) (% of (kg/a/person)
Ntot)

Urine
Papers I1 & 0.4 4.13 - 1.83
IIr*
Paper IV** 0.32 4.02 100 -
Feces
Papers II & 0.21 0.52 - 5.48
IIr*
Paper IV** 0.18 0.55 - -
Other
Papers II & 0.15 0.37 - 10.95
I11*
Paper IV** 0.15 0.37 - -
Total
Papers II & 0.75 5.02 - 18.25
IIr*
Paper IV** 0.66 4.93 81.4 -

*Papers II & IIT (Weckman, 2005; Udert et al., 2006; Ministry of the Environment
Finland, 157/2017)

**Paper IV (Jonsson et al., 2005; Government Decree on Treating Domestic
Wastewater in Areas Outside Sewer Networks (209/2011); Simha et al., 2017)
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2.4.3 DAILY USE AT THE PROPERTY

In on-site treatment systems, nutrient recovery and emissions to water were
calculated based on the minimum treatment efficiency requirements under
Finnish legislations (Ministry of the Environment Finland, 157/2017). Instead,
emissions to air from on-site systems were derived from centralized WWTP
emissions from Papers I and II. In Paper II, 50% of the nitrous oxide
emissions from a centralised WWTP’s were taken into account.

The proportion of nutrients discharged into water bodies from on-site
systems (Papers I-II), was estimated by the generated eutrophication
emission factor. The eutrophication factor is a rough estimate of the variability
of the emissions into the freshwater ecosystem after discharges into the soil.
Actual emission factors are difficult to measure, since the weather conditions
in Finland vary during the year (e.g. soil frost, snow cover and melting) and
between years. Majority of the emissions occur in the spring when the snow
melts and during the autumn rains.

The energy consumption of the toilet system was calculated based on
literature and data obtained from equipment manufacturers.

244 WASTEWATER AND SLUDGE TREATMENT

For all the Papers, data on the conventional WWTP and sludge treatment were
obtained from environmental permits, environmental reports and WWTPs
planning documents. For LCA and SFA, data were used to calculate emissions,
sludge production and energy consumption and production by relating the
input of BOD and nutrient loads with the data collected. With regard to
conventional wastewater management, all Papers included the following steps
commonly used in Finnish WWTPs; pretreatment, i.e. grit removal and
screening, primary sedimentation, activated sludge process with simultaneous
precipitation and drying of the sludge. For Paper I, the treatment efficiency
was based on Klaukkala WWTP in Finland, and in Paper II the average
treatment efficiency was calculated based on five medium-sized Finnish
WWTP plants.

In Paper III, wastewater was treated at the Sulkavuori WWTP, which is
currently under construction and will be introduced in 2025. The Sulkavuori
WWTP represents the latest technology, but no efforts have been made to
improve nutrient recycling. The data used for the Sulkavuori WWTP was
supplemented by negotiations with the urban planners of the City of Tampere
and the expert assessments of the consultant involved in the design of the
Sulkavuori WWTP. Some of the input data, such as the assessment of air
emissions and sludge production, utilized the emissions, operation, and
environmental permit data of a similar sized Helsinki Viikinmaki WWTP in
Finland. The calculations took into account the differences in the input flows
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and nutrient loads of the Sulkavuori WWTP and their impacts on sludge
production, energy consumption and emissions.

For SFA in Paper IV, the nutrient recovery in WWTP was estimated based
on data gathered in Papers IT and IIT and in Lehtoranta et al. (2021a). As the
characteristics of wastewater and sludge treatment processes are similar in
Finland and Sweden, the same nutrient recovery factors were used in both
countries.

In Papers I-I11, it was assumed that the sludge from WWTP is composted
together with peat (and other biomasses). The calculations take into account
the carbon dioxide emissions from the degradation of peat, but only in Paper
I'the carbon storage formed by sludge-based compost (70 kg C/tonne) was also
considered. The emissions from composting were estimated based on the
literature in all the respective Papers.

2.4.5 URINE AND BLACKWATER TREATMENT

In Papers I and II, urine was separated with dry toilet and peat was used as
litter. Emissions from peat degradation were taken into account. In Paper I,
the carbon storage from home compost was conducted similarly as for WWTP
sludge (section 2.4.5). In Paper I, it was assumed that 10% of the nitrogen
content of urine will evaporate from the toilet. In Papers IT and III, urine was
hygienized and 0.5% of total urine nitrogen was assumed to volatilize as
ammonia mainly as a result of uncontrolled leakage (Udert et al., 2006). Urine
was not treated further in Papers I-III. In urine separation, further treatment
was included only in the SFA of Paper IV, where average values were used to
describe variations in processing technologies applied in the study region,
such as membrane technologies, ammonia stripping, Sanitation 360,
NPHarvest and Vuna process (Etter et al.,, 2015; Mo6nkére et al., 2016;
Marttinen, et al. 2017; Kaljunen et al., 2021; Simha et al., 2021) (Table 5,
section 2.5).

In Paper I, blackwater was treated in a WWTP, but in Papers II-IV it was
digested separately to reduce the amounts and variability of harmful
substances in the end products. The sludge digestion data from the WWTP
were utilized in the process and the solid-liquid separation was included. In
Paper IV, nutrients from the liquid fractions of blackwater digestion were also
taken into account in the nutrient balance calculations, and the same
treatment as for urine was assumed for reject waters. No further processing
for the dry fraction of blackwater sludge was assumed in any of the Papers.

2.4.6 TRANSPORTATIONS

The emissions of the vehicle used were obtained from VTT's (Technical
Research Centre of Finland) LIPASTO databases (VTIT, 2011) (Finnish traffic
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exhaust emissions and energy consumption calculation system). The
estimated transportation distances and the frequency of transports varied
between studies. The frequency of blackwater transportation from the on-site
systems were calculated based on the volume of blackwater and the size of the
tank used. The sludge from the septic tanks was assumed to be transported
twice a year if all wastewater was treated in the soil systems, and once if only
grey water was treated. The need for transportation in the construction of soil
systems was estimated based on average transportation loads and the need for
soil material (e.g. sand). In the urban system, transportations took place by
means of blackwater sludge pipelines (Paper III). The distances used are
described in Table 4.

Table 4. Transportation distances in kilometers in Papers I-lIl.
Transport type Paper 1 Paper I1 Paper II1
Soil 50 50 -
Septic tank sludge 50 250 -
BW sludge to WWTP 50 (30%)

Urine to hygienization - 50 -
WWTP sludge to - 50 -
digestion

BW sludge to - 50 -
digestion

Digestate to - 20

composting

Sludge to composting - -
Nutrients to - 100 20
application

* The value in parentheses describes the distance considered in the sensitivity
analysis.

2.4.7 STORAGE AND FIELD APPLICATION OF NUTRIENTS

For the land application of composted sludge, Paper I used literature data on
nutrient leaching (1.5% for total phosphorus and 5.5% for total nitrogen) and
no volatile emissions were assumed. Paper I did not assume urine storage
emissions, but for household fertilizer use, it was assumed that 60% of urinary
ammonium nitrogen evaporates as ammonia and 1.25% of the total nitrogen
as nitrous oxide.

Papers II and III assumed that advanced spreading techniques were used
to apply urine, digested blackwater and digested and composted WWTP
sludge. In Paper II, a value of 15% was used for ammonia volatilization from
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soluble nitrogen and 1% for nitrous oxide from total nitrogen. In Paper I1I, the
gaseous emissions (ammonia, nitrous oxide) from storage and field
application of recycled nutrients were calculated based on international
animal manure emission calculation guidelines (EMEP/EEA, 2016; Gronroos
et al., 2017) and IPCC (2006) guidelines. No storage of fractions was assumed
in Paper II.

For eutrophic emissions, the emission factors were mostly similar in
Papers. Paper III used emission factors for nitrogen and phosphorus leaching
from manure field application developed by the Baltic Manure- project
(INTERREG) (Gronroos et al., 2013a;b) (1.5% of phosphorus and 10% of
soluble nitrogen). In Paper II, the emission factor for soluble nitrogen was
higher, being 15% of the soluble nitrogen.

2.4.8 AVOIDED EMISSIONS

Avoided emissions from the fertilizer use of urine, digested blackwater and
digested and composted sludge were calculated in Papers II-IIT assuming that
they replace mineral fertilizers. Emissions from both the use and manufacture
of mineral fertilizers were considered (Papers II and III). For nitrogen, only
the amount of soluble nitrogen was considered in all the Papers. According to
the terms of the Finnish farmer’s support system, the assumed avoided values
for phosphorus in Paper IT were 100% for urine and 40% for both digested and
composted sludge, but in Paper IIT 60% of the phosphorus in sludge was
considered due to the changes in the Finnish farmer’s support system.

Avoided emissions from energy production were included in the Papers II-
III. In Paper II, the excess biogas produced from the digestion of blackwater
was assumed to be utilized in the CHP unit replacing the Finnish electricity
and heat mix. In Paper I1I, the biogas produced from the blackwater digestion
was upgraded to transport fuel replacing the use of petrol. In addition, for heat
production, biogas was assumed to replace heat produced by natural gas
(39%), oil (5%) and wood (56%) reflecting the average heat production in
Tampere during the study.

2.5 UNCERTAINTY ANALYZES

Several assumptions have to be made for LCA and SFA. Due to the
uncertainties within the selected parameters and scenario assumptions, the
sensitivity of the results was tested by a simple scenario analysis in Papers I,
ITIand IV.

In Paper I, the LCA evaluated different raw materials, energy
consumptions and transport distances. The sensitivity analysis was
constructed as one-at-a-time (OAT) sensitivity analysis. The factors in the
sensitivity analysis were chosen based on the uncertainties encountered when
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using a single parameter value. Moreover, in the sensitivity analysis, the
fluctuation of eutrophication factor (the fraction of nutrients ending up in the
water bodies) was examined in two alternative scenarios. In scenario 1, it was
assumed that all the purified wastewater (100%) will end up in the freshwater
ecosystem. In scenario 2, it was assumed that only 15% would do the same
(rest retaining in the soil).

In Paper III, the consequences of improved nutrient and energy recovery
were examined in more detail in the LCA in order to map the climate impacts
of alternative management processes in urban systems. For the conventional
system, it was calculated what climate benefits would be achieved if the
digestate was utilized as such without composting. In blackwater separation,
it was studied how the impacts would change if biogas from blackwater
digestion was utilized as CHP instead of being used as a transport fuel. In
addition, it was studied how the recovery and utilization of nutrients in the AD
reject water from both the WWTP and local AD plants would reduce the use of
mineral fertilizers.

In the SFA of Paper IV, a baseline for nutrient recovery was defined to
describe the typical values in northern Finland and Sweden. However, some
treatment methods are not currently in use (e.g. urine treatment) and the
variation within the processes (such as solid-liquid separation) is high. Thus,
an average value was defined for the baseline, and the variation in recovery
rates associated with these technologies were considered in the uncertainty
analysis. The respective values are presented in the Table 5.
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Table 5. Phosphorus, total nitrogen, and soluble nitrogen (in percentages) recovered
from the input material of different treatment processes. Variation range is shown in
parentheses.
Treatment P% N % 10\T (soluble) £
rocess (recovered) (recovered) % Reference
p (recovered)
Septic tank 15 10 Olshammar et al., 2015;
(sludge) (5-25) (5-15) 3 Malila et al., 20192
Malila et al., 2019a;
WWTP (sludge) 96 36 22 SYKE, 2019
30 Moller et al., 2000;
Dewatered sludge 40 40 Hjorth et al., 2010;
Luostarinen et al., 2019
gx‘naerpblc . 130 Magdoff and Chromec,
igestion (solid 100 100 N L
and liquid fraction) (114-161) 977
Waiger-Baumann, 2011;
Solid-liquid Al Seadi, 2013; Borowski
separation of 71 32 20 (15-30) and Weatherley, 2013;
digestate (solid (40—90) (17-60) Ruuhela, 2017;
fraction) Luostarinen et al., 2019;
Malila et al., 2019a
Solid-liquid 29 68 80 Wiger-Baumann, 2011; Al
separation of Seadi - Ruuhel .
digestate (liquid cacl, 2013; Ruunela, 2017;
. (10-60) (40-83) (70-85) Malila et al., 2019a
fraction)
Sludge composting/ 30 .
chemical treatment + 100 2 lgff)ylléymaa, 2008; Ruuhela,
composting (25-50)
Digestate/dewatered IPCC, 20.96’ EMEP/EEA,
2016, Gronroos et al., 2017
sludge storage (non- 100 90 84 D .
(emission factors for bovine
covered) .
manure were applied)
Urine/liquid fraction Karlsson and Rodhe, 2002;
storage (closed tank) 90 (80-100) 95 95 Maurer et al., 2006
Marttinen et al., 2015; Etter
Urine/liquid fraction (90-100) 90 90 et al., 2015; MonKkire et al.,
central treatment 9519 (80-100) (80-100) 2016; Kaljunen et al., 2021;

Simha et al., 2021b

“for WWTP sludge. For blackwater sludge it was assumed to be 110.
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3 RESULTS

3.1 PHOSPHORUS AND NITROGEN RECOVERY

3.1.1 POTENTIAL IN RURAL AND URBAN AREAS

Conventional rural on-site wastewater treatment systems are less effective in
nutrient recovery than urban systems (Figs. 6 and 7). This is due to the fact,
that in on-site systems in rural areas (Paper II), most of the phosphorus
accumulates in the soil in soil systems (conventional management) and part of
the nutrients retains in the sludge. In urban systems, on the other hand, higher
proportion of phosphorus remains in the sludge due the precipitation.
However, the current practices of the WWTP are ineffective, especially
regarding nitrogen recovery. Source separation systems recover higher
amounts of nutrients and in plant applicable form in both rural and urban
context, but the increase in nutrient recovery potential per capita is higher in
rural systems than in urban systems, mostly due to differences in conventional
systems. In addition, the technical solutions studied for the source separation
systems were different on an urban and rural scale, which is also reflected in
the results. (Figs. 6 and 7).

According to Paper II, approximately 48-80% of the excreted phosphorus
(excluding the potential in reject waters) and 25-66% of the nitrogen can be
recovered when implementing source separation systems in rural areas. This
corresponds to four times more phosphorus and over thirty times more
nitrogen compared to current practices. In urban areas, the phosphorus
recovery potential was 74-84% and nitrogen 14-58%, respectively (excluding
the potential in reject waters). This corresponds to 3-13 times higher nitrogen
recovery compared to the conventional wastewater management (Paper III).
(Fig. 6.)

Regarding the total amounts of phosphorus recovered, there was no
significant difference between source separation systems and conventional
system in urban areas (Paper III). The most significant difference is, however,
that phosphorus can be recovered in a more valuable and plant-usable form
with source separation. The total phosphorus recovery is greatest in the urine
separation of rural context (Paper II), since the urine separation includes the
home composting of feces. In the blackwater separation of urban systems,
more than half of the phosphorus could be recovered without utilizing the
potential of reject water as such. In both rural and urban areas, the difference
in phosphorus recovery between blackwater and urine separation is small, if
the potential in reject water is considered (without recycling it back to a
WWTP for further treatment).
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Figure 6 Path of total phosphorus (as a percentage) in conventional and source separating
systems of rural and urban areas according to Papers Il and //l. Reference =
conventional, US = urine separation, BWS = blackwater separation.

Less than a tenth of the nitrogen is recovered in conventional urban
systems, while the rest of the nitrogen ends up in water bodies and air as a
result of biological nitrogen removal (Paper III) (Fig. 7). In rural systems, the
recovery is even lower because most of the nitrogen ends up in the soil.
Moreover, most of the recovered nitrogen in the composted AD sludge is in
organic form and slowly becomes available to plants. If the reject water (both
in the source separation and the conventional system) was utilized as such or
the nutrients were recovered by implementing new technologies, the recovery
of nitrogen would be greater.

The potential to recover nitrogen is clearly higher in source separation
systems (Fig. 7). However, the differences between rural and urban areas are
small. With urine separation, it is possible to recover more than half of the
nitrogen contained in the wastewater. With the blackwater separation, the
amount would be even higher, if the capacity of the reject water were utilized.
However, if the nutrients in reject waters in WWTPs and ADs were recovered
more efficiently, the difference between source separation and conventional
practices would be smaller, especially regarding nitrogen.
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conventional, US = urine separation, BWS = blackwater separation

3.1.2 REGIONAL POTENTIAL

The implementation of source separation systems leads to more efficient
nutrient recovery in the studied regions of Northern Finland and Sweden
(Paper IV) (Fig. 8). Both phosphorous and nitrogen recovery potentials
increased significantly (41—81% for phosphorus, 690—860% for nitrogen) in
source separation systems in comparison to the reference (conventional)
system.

The total phosphorus recovery potential of the reference system was 164
tonnes P/year. Of this, only a relatively small fraction (3.9%) came from the
‘rural non-sewered’ areas while about 45% came from the ‘peri-urban sewered’
areas. The phosphorus recovery potential is low in rural areas due to on-site
treatment, where most of the phosphorus is discharged and accumulated in
the soil. The phosphorus recovery potential of source separating scenarios was
297 tonnes P/year (blackwater separation) and 233 tonnes P/year (urine
separation). The highest increase in phosphorus recovery was achieved in
rural areas. Moreover, 44—62% and 51-74% of recovered phosphorus was in
more plant-available form in northern Finland and in northern Sweden,
respectively.

In the conventional system, the total nitrogen recovery potential in
northern Finland and Sweden was 195 tonnes N/year, from which 24% was in
plant-available (soluble) form. In source separation systems, the recovery
potential of nitrogen was 1,880 tonnes N/year (blackwater system) and 1539
tonnes N/year (urine separation). Also, the fraction of soluble nitrogen from
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the total nitrogen was higher (average 93%), reflecting the substantial
potential for recovery of easily plant-available nitrogen.

The variation in the results (error bars in Fig. 8) are due to the range of
minimum and maximum rates used for nutrient recovery in the treatment
processes (sensitivity analysis). The variation (in percent) is greatest in the
nitrogen recovery in the reference system, where the total nitrogen recovery
yield would result in a 24% lower, or 57% higher recovery yield compared to
the average value used. The high variation is a consequence of the high
variability in solid-liquid separation technologies and sludge composting.
Instead, in the blackwater and urine separation scenarios, the variation is
smaller in percentage because the nutrients in the liquid fraction are
considered a resource: blackwater separation, min. -0.4%, maximum, +1.5%;
and urine separation, min. -11%, maximum, +14%. For phosphorus recovery,
the variation in the reference system is min. -26%, max. +12%, for blackwater
separation, min. -16%, max +5% and for urine separation, min. -26%, max.
+14%.

In addition to nutrient potential, it was estimated how the recovered
nutrients would theoretically replace the use of mineral nutrients in the region.
In Lapland, wastewater-derived nutrients could replace 38—49% of mineral
phosphorus fertilizers, in North Ostrobothnia 13—17% and in Norrbotten 49—
65%. In the case that soluble nitrogen would replace the use of mineral
nitrogen fertilizers in agriculture, source separation could cover 13—16% of the
need for mineral nitrogen in Lapland, 5—7% in North Ostrobothnia and 50—
60% in Norrbotten.
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Figure 8 The recovery potential of phosphorus and nitrogen (P/N tonnes/year) in the three
studied regions in northern Finland and Sweden. The fluctuation in error bars
reflects the variation in the technologies implemented.

51



Results

3.2 LIFE CYCLE IMPACTS OF SOURCE SEPARATION

3.21 CLIMATE CHANGE IMPACTS IN URBAN AND RURAL SYSTEMS

According to the results, the climate benefits achieved are higher in urban
areas when source separating systems are implemented compared to
conventional systems. In rural areas, the impacts remain the same or are even
higher (Fig. 9). However, if the avoided emissions of fertilizer and energy use
are not considered, the difference between the source separation and the
conventional system fades in most of the cases studied. Nonetheless, in urban
areas climate impacts of blackwater scenario are lower, even if the avoided
emissions are not considered.

The highest variation between the treatment systems was in rural areas in
Paper I. When nutrient recovery was in the focus of the study (Paper II) the
differences between the studied systems were small. In the rural on-site
systems, the main contributors to the climate impacts were the transportation
distances of sludge (in the Fig. 9: sludge/WW treatment at WWTP included
the transportation of sludge) and the direct emissions from the use of on-site
systems. Moreover, infrastructure accounted for a large share of emissions due
to the transportation of sand to soil systems and the assumed service life of the
systems. On the contrary, in urban systems, the main contributor was the
treatment of wastewater and sludge in a municipal WWTP.

In Paper I the treatment and transportation of sludge from an on-site
property to a municipal WWTP caused a significant portion of the climate
impacts, and therefore the urine separation in dry toilet was clearly the best of
all alternatives. In rural areas, transportation distances vary, which contribute
to the climate impacts of the household. When applying blackwater separation
in low flush or vacuum toilets, the water consumption is significantly lower,
which reflects to the capacity and emptying interval of the holding tank. The
results in Paper I show that the transportation of blackwater (implemented
without a vacuum or a low-flush toilet) had the highest climate impact due to
the transportation of blackwater and its conventional treatment at a municipal
WWTP. If the sludge had been processed in the vicinity to recycle nutrients,
the overall environmental impacts would have been substantially lower, as
Paper II shows.

In urban areas, vehicle transportation of sludge or wastewater was not
included as the fractions ran along the pipeline. In the urban urine separating
system, the transportation of hygienized urine had a significant effect on
emissions, as no further processing of urine was included in the study (Fig. 9;
use of fertilizer includes the transportation of nutrients). However, reducing
the volume of urine on site should be considered by implementing new
technologies, such as membranes.

The use of recovered fertilizers was lower in blackwater systems than in
urine separation systems (Papers II and III). This difference is due to the
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assumption, that the reject water from blackwater digestion was circulated to
the WWTP, and its potential as a fertilizer was not included. However, if the
liquid fraction of anaerobic digestion (reject water) or the nutrients contained
therein were utilized as such or in processed form, the impacts from fertilizer
use would be greater as well as the avoided emissions.

Overall, the production, raw materials and installation of the equipments
had only a relatively small impact on the climate in Paper I. In Paper II, on
the other hand, the emissions from on-site treatment facility (toilet system and
sand filter) caused altogether 58-80% of the climate emissions (Fig. 9;
infrastructure). However, in Papers I-III, there is not much relative
fluctuation in the role of infrastructure, and the difference between the Papers
are due to differences in the assumptions and data used.

Climate emission from day-to day use of the property are higher in on-site
systems since no treatment is located in urban households. However, the
emissions from on-site systems are not well known and in Papers I and II the
values were calculated based on literature and expert opinions. In both papers,
emission calculations were based on emissions from municipal WWTPs. Even
though the data used for nitrogen removal efficiency has improved resulting
in higher nitrous oxide emissions, emissions are smaller in Paper II than in
Paper I. This is due to the assumption made in Paper II, that on-site emissions
were assumed to be half of the corresponding emissions from the WWTP due
to the assumed ineffiencies at the soil on-site systems. However, nitrous oxide
emissions were not expected to be formed from nitrogen accumulation in the
soil system, making the on-site systems climate impact assessment incomplete
in both Papers (I and II).

In urban areas, emissions from WWTP and sludge processing had the
highest contribution to the climate impacts. The GHG emissions of the WWTP
are largely derived from nitrous oxide emissions from the nitrogen removal
process. With source separation, climate emissions are reduced by about a
quarter, when taking into account recycled fertilizer products and energy
produced, as well as avoidable emissions related to their utilization, such as
the production and use of mineral fertilizers and fossil fuels. The reduction is
largely due to the reduced need for wastewater treatment, especially the
energy-intensive nitrogen removal from wastewater, but also to the more
efficient nutrient management, as they are not mixed and diluted with other
wastewaters. As a result of the recovery of nutrients in the wastewater, the
nitrogen load to the municipal WWTP is reduced to less than one-fifth and the
phosphorus load to about one-third, decreasing the climate emissions from
wastewater treatment.
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Figure 9 Climate change impacts (kg COz2 eq/person/year) in Papers I-lll. Explanations for
abbreviations: R = reference (conventional), US = urine separation, BWS =
blackwater separation. Daily use at the property includes emissions from the toilet
and treatment system and its energy consumption. Infrastructure includes the
construction of the systems and materials needed. Sludge/WW treatment at WWTP
includes the transportation of WW or sludge to treatment, digestion, and
composting. Fertilizer use includes the use of recovered fertilizers and their
transportation. Others include other type of processes. Avoided emissions include
substitutions in energy and fertilizer use.

3.2.2 EUTROPHICATION FROM URBAN AND RURAL SYSTEMS

With regard to eutrophication, it is clearly shown, that the impacts of source
separation systems, where nutrient-rich fractions are separated and utilized
instead of being treated in on-site systems or/and WWTPs, are substantially
lower (Fig. 10). Wastewater from the treatment of sludge or blackwater from
a municipal WWTP discharged directly into water systems is likely to cause a
greater eutrophication impact than source separation. Moreover, treating
wastewaters at municipal WWTP shows clear benefits compared to rural on-
site systems (Fig. 10; reference). The daily use at the property (Papers I and
II) had the largest contribution to eutrophication impacts due to the assumed
eutrophication impacts of soil systems, which at the same time has substantial
uncertainty.

The eutrophication impacts were lowest in blackwater separation systems
where the source separated blackwater was digested in local plants (Papers II
and III). The blackwater separation scenario in Paper I had relatively high
emissions from blackwater treatment in WWTP. Also, the eutrophication
impact is even higher than in conventional urban systems (Paper III). This is
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because Paper I assumed a higher occupancy rate (85%) in the settlement,
compared to the urban system (67%). Also in the urban system, the efficiency
of the new modern wastewater treatment process was substantially higher in
nitrogen removal (80%) compared to that used for WWTP in Papers I and IT
(61-63,5%).

The fertilizer use of urine separation had higher eutrophication impacts
compared to the utilization of blackwater. This is because in both Papers, the
nutrient content recovered and utilized was higher in urine separation. The
impacts of fertilizer use and the avoided emissions almost overturned each
other due to the avoided emissions from the use of mineral fertilizers.
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Figure 10  Eutrophication impacts (kg POs eg/person/year) in Papers I-Ill. Explanations for
abbreviations: R = reference (conventional), US = urine separation, BWS =
blackwater separation. Daily use at the property includes emissions from the toilet
and treatment system and its energy consumption. Infrastructure includes the
construction of the systems and materials needed. Sludge/WW treatment at WWTP
includes the transportation of WW or sludge to treatment, digestion, and
composting. Fertilizer use includes the use of recovered fertilizers and their
transportation. Others include other type of processes. Avoided emissions include
substitutions in energy and fertilizer use.

3.2.3 ACIDIFICATION FROM URBAN AND RURAL SYSTEMS

Acidification was considered only in Papers II and III. The results show
clearly, that with source separation systems, the risk of acidification is higher
(Fig. 11). The evaporation of ammonia from applying urine and blackwater as
fertilizers contributed mostly to the impact. The ammonium nitrogen in urine
and blackwater evaporates easily as ammonia, causing acidification emissions
from the daily use at the property (rural areas) and their fertilizer use. Both
Papers used advanced spreading techniques, but the emission factors used for
evaporation were different. As a result of lower nitrogen losses connected to
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advanced spreading techniques, such as deep injection, the amount of soluble
nitrogen remains higher in the soil, which in turn may increase the risk of
nutrient leaching and cause eutrophication.

In Paper III, the acidification impacts of blackwater separation are higher
compared to urine separation due to differences in storage and field
application practices of liquid (urine) and solid (blackwater sludge) fractions
and is not related to urban and rural context. These results may better reflect
reality compared to results in Paper II, which used the same emission factors
for the application of urine and blackwater and did not include storage of the
blackwater based solid fraction. The risk of ammonia evaporation from the
storage of solid fractions is high due to the high content of soluble nitrogen
after digestion.
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Figure 11  Acidification impacts (kg SO4 eq/person/year) in Papers I-lll. Explanations for
abbreviations: R = reference (conventional), US = urine separation, BWS =
blackwater separation. Daily use at the property includes emissions from the toilet
and treatment system and its energy consumption. Infrastructure includes the
construction of the systems and materials needed. Sludge/WW treatment at WWTP
includes the transportation of WW or sludge to treatment, digestion, and
composting. Fertilizer use includes the use of recovered fertilizers and their
transportation. Others include other type of processes. Avoided emissions include
substitutions in energy and fertilizer use.

3.2.4 REGIONAL IMPACTS

In Paper IV, the whole region of Northern Finland and Sweden was studied by
applying the LCA results of Papers II and III. According to the results, the
estimated climate change impacts of the conventional system were 9700
tonnes of CO- eq./ year in Lapland, 22,800 tonnes in North Ostrobothnia and
13,700 tonnes in Norrbotten (Fig. 12). Implementing blackwater and urine
separation would result in 23.8% and 25.6% lower CO- eq./ year (respectively)
emissions in total of the three regions studied.
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The impact of source separation on climate change was greatest in the
Norrbotten region. This is due to the fact, that in Norrbotten 45% of the
population lives in peri-urban areas, while in North Ostrobothnia and Lapland
28% and 31% respectively. Rural areas accounted for 20% of climate emissions
in the conventional system, 30% in blackwater separation and 26% in urine
separation. In peri-urban areas, on the other hand, about 34% of the climate
change impacts were due to the conventional system, 10% to blackwater and
13% to urine separation. The highest share of climate emissions originated
from urban households (45—-60%).

Overall, climate change emissions could be reduced by 18—32%, depending
on the region, if source separation systems were implemented in both rural
and peri-urban areas. However, the results indicate a risk of increased climate
impacts in sparsely populated rural areas if source separation systems (both
urine separation and blackwater) are implemented, but substantially lower
emissions for peri-urban areas. Moreover, the separation of blackwater caused
higher climate impacts than urine separation. This is because in areas with
urine separation (rural areas), the use of dry toilet reduced the transportation
and treatment of brown and grey water at the WWTP.
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Figure 12  Climate change (1000 tonnes CO: eq./year) in urban, peri-urban and rural areas of
northern Finland and Sweden.

The total eutrophication impact of the conventional system was estimated
to be 435 tonnes of PO, eq./ year (Fig. 13). By implementing source separation
systems in peri-urban and rural areas, eutrophication impacts can be reduced
by 46% and 54% in Lapland, 45 and 54% in North Ostrobothnia and 41% and
52% in Norrbotten for blackwater and urine separation respectively. The
reduction in eutrophication is due to improvements in rural on-site
wastewater systems and improved nutrient recovery and reuse (Papers II-III).
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Figure 13  Eutrophication (tonnes POs eq./year) in urban, peri-urban and rural areas of
northern Finland and Sweden.

The total acidification impact in the three regions was 168 tonnes of SO-
eq./year in the conventional system (Fig. 14). If implemented, the source
separation scenarios would increase acidification impacts (101% in blackwater
separation and 190% in urine separation) compared to the conventional
system, with the largest contributors being ammonia emissions from storage
and field application of sludge in (Papers II and III).
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Figure 14  Acidification (tonnes SO2 eq./year) in urban, peri-urban and rural areas of northern
Finland and Sweden.

58



3.2.5 UNCERTAINTY OF RESULTS

In Papers I and III, the uncertainties of the LCA results were analyzed in
respect to the assumptions made in the calculations. Paper IV also included
the impact of different technologies on nutrient recovery, and the results are
presented in section 3.1.2.

In Paper I, the sensitivity of the eutrophication impact was analyzed as well
as the chosen factors (different raw materials, energy consumptions and
transport distances) for on-site systems. The eutrophication impact was found
to vary the least with blackwater separation (0-0.13 kg PO4eq./person/year)
and the variation being highest in on-site soil systems (0-1.3 kg PO.eq./
person/year). This describes well the importance of the circumstances at the
property in relation to the eutrophication emission factors used. In addition,
the carbon footprint was smaller in the blackwater system, when the low flush
toilet, tank size and transport distance of sludge were changed. These changes
would reduce the carbon footprint of blackwater separation by 19-30%, when
considered separately. The option of looking at all these changes together was
not evaluated in Paper I.

The results of the uncertainty analysis in Paper III show that the
assumptions about avoided emissions have a significant effect on climate
impacts and that even higher avoidable impacts can be achieved through
careful planning and management of the system (Table 6). The highest
avoided impacts could be achieved with blackwater separation if biogas was
utilized as a transport fuel and the reject water from the blackwater digestion
was used as such (not pumped to a WWTP for further treatment).

If the nutrients in reject waters were recovered and reused, the overall
climate impact could be further reduced in all systems. On the other hand, if
the nutrients in reject waters are recovered and utilized, it may in practice
require the introduction of new technologies, which in turn often consume
more energy, partially reducing climate benefits but in producing more easily
applicable nitrogen fertilizers would replace the use of mineral fertilizers.
Utilizing biogas as a transport fuel, leads to higher emission savings compared
to CHP production, as the offsetting benefits of CHP production are smaller.
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Table 6.

The total impact of avoided processes (default and alternative avoided

processes) in the reference system, blackwater separation and urine separation.

Default Avoided Impacton Alternative Avoided Impacton Differenc
avoided emissions total (and emissions total e between
processes (t CO- emissions default) (tCO: emissions default
eq./a) (%) avoided eq./a) (%) and
processes alternativ
e (%)
REFERENCE SYSTEM
Digested -54 -3 % Digestated -75 -5 % -2 %
sludge from sludge from
Sulkavuori Sulkavuori
AD AD used for
composted fertilization
and used
for
fertilization
Biogas -97 -6 % Default -97 -6 % 0%
from assumption
Sulkavuori
AD to CHP
Reject Reject waters  -226 -14 % -14 %
waters from
from Sulkavuori
Sulkavuori AD used for
AD not fertilization
utilized
In total -151 -10 % -398 -25 % -16 %
URINE SEPARATION
Digested -19 -1% Digestated -26 -2 % -1%
sludge from sludge from
Sulkavuori Sulkavuori
AD AD used for
composted fertilization
and used
for
fertilization
Urineused -869 -63 % Default -869 -63 % 0%
for assumption
fertilization
Biogas -81 -6 % Default -81 -6 % 0%
from assumption
Sulkavuori
AD to CHP
Reject Reject waters  -71 -5% -5%
waters from
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from Sulkavuori

Sulkavuori AD used for

AD not fertilization

utilized

In total -969 -71 % -1 047 -76 % -6 %
BLACKWATER SEPARATION

Digested -6 -1% Digestated -8 -1% 0%
sludge from sludge from

Sulkavuori Sulkavuori

AD AD used for

composted fertilization

and used

for

fertilization

Digested -250 -20 % Default -250 -20 % 0%
sludge from assumption

Hiedanrant

a AD used

for

fertilization

Biogas -66 -8% Default -66 -8% 0%
from assumption

Sulkavuori

AD to CHP

Biogas -214 -25 % Biogas from  -62 -7 % 17 %
from Hiedanranta

Hiedanrant AD to CHP

aAD to

transport

fuel

Reject Reject waters  -694 -80 % -80 %
waters from

from Hiedanranta

Hiedanrant AD used for

a AD not fertilization

utilized

Reject Reject waters  -21 -2 % 2%
waters from

from Sulkavuori

Sulkavuori AD used for

AD not fertilization

utilized

In total -536 -62 % -1101 -127 % -65 %
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4 DISCUSSION

41 ENVIRONMENTAL IMPACTS

4.1.1 NUTRIENT RECOVERY POTENTIAL

The results of this study indicate a substantial nutrient recovery potential with
source separation systems. Per capita, highest increase in nutrient recovery
can be reached in rural areas. In urban areas, considerable improvements in
nitrogen recovery can be achieved by source separation, especially if all
treatment fractions are efficiently utilized. Both urine and blackwater
separation achieve substantial improvements in nutrient recovery, the
potential being largest with blackwater separation combined with advanced
practices.

The results of this study strongly support previous studies that suggest that
the highest potential for nutrient recovery in urban and peri-urban context
could be achieved by source separating systems, either by blackwater or urine
separation (Kjerstadius et al., 2015; Kjerstadius et al., 2017; Wielemaker et al.,
2018; Turlan, 2019). According to Paper III, nutrient recovery is many times
greater in both source separating systems compared to conventional system,
even if the nutrient potential in reject waters of blackwater digestion is not
utilized.

With improved recovery of wastewater nutrients, the use of mineral
fertilizers could be decreased in agriculture. In Finland, approximately 11,400
tonnes of mineral phosphorus fertilizers and 147,000 tonnes of mineral
nitrogen fertilizers were sold to farms in 2021 (Natural Resources Institute
Finland, 2022a). By using source separating techniques, approximately
18,000-22,000 tonnes of nitrogen and 2,100-2,900 tonnes of phosphorus per
year could be recovered (calculated roughly on a Finnish scale based on Paper
IV). This corresponds to the total amount of nitrogen produced by pigs and
60-80% of the phosphorus produced annually by poultry in Finland
(calculated by the Natural Resources Institute Finland, 2022b and
Luostarinen et al., 2017). However, despite the already substantial phosphorus
potential of municipal sewage sludge (in the conventional system), this
potential has not been realised. Overall, 47% of sewage sludge is used in
agriculture, but regional differences are large (Vilpanen and Seppild, 2021).
In some areas, such as Lapland, sewage sludge is not currently used in
agriculture (Vilpanen and Seppald, 2021). This same contradiction applies to
the nutrient potential presented in Papers II and III, as although the nutrient
potential also exists in conventional systems, it does not realize in practice,
since only part of the sludge is utilized as plant nutrients. Instead, nutrients
are applied in large amounts per area for land improvement and landscaping
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purposes, where nutrients are at risk of leaching into water bodies. Thus,
attempts to improve nutrient recovery will not be enough to improve
environmental performance if the nutrients recovered are not used efficiently,
for example in agriculture.

In addition to improved nutrient recovery source separation decreases the
total amount of harmful substances, such as heavy metals and microplastics,
ending up in the soil during application. For example, grey water contains
majority of the heavy metals found in wastewater (Simha, 2021), and
separating the blackwater or urine excludes the input of the metal fraction
from the grey water. However, the concentration of harmful substances, such
as hormones in the end products may be high. For example, urine contains
most of the pharmaceuticals and hormones found in wastewater (Udert et al.,
2006), but for example, Viskari et al. (2018) found that, apart from
progesterone, the concentrations of all extractable pharmaceuticals and
hormones in soil fertilized with source separated urine remained below the
detection limit (Viskari et al., 2018).

The concentrations of most metals in source separated blackwater are
generally much lower than in sewage sludge, and hence the utilization of
blackwater is more effective in reducing metals in agriculture (Tervahauta et
al., 2014). However, the blackwater fraction contains most of the pathogens in
the wastewater and the risk of pathogens in the end products depends on the
treatment technologies of the separated blackwater. Significant inactivation of
pathogens can be achieved, for example, by urea treatment (Nordin et al.,
2009; Fidjeland et al., 2015) which has proven to be a robust option to the safe
recycling of plant nutrients, as well as thermophilic anaerobic digestion
applied to both blackwater (Moerland et al., 2020) and sewage sludge (Zhao
and Liu, 2019).

However, the direct impacts of harmful substances on humans via sludge-
fertilized crops have been reported to be minor (Viskari et al., 2018; Ylivainio
et al., 2020), but the impacts of harmful substances on soil or biota and their
reflection on carbon sequestering, for example, are not well known. Harmful
substances may harm the environment by accumulating in soil or biota or by
leaching into groundwater (Dolar et al., 2021; Selonen et al., 2020). Once
persistent and accumulating harmful substances enter the soil, it is no longer
possible to remove them from the environment. Also, changes in the species
composition of soil invertebrates are known to affect soil nutrient fluxes
(Kremen, 2005). Moreover, some studies suggest that the ecotoxicity of
digestate (Teglia et al., 2010; Pivato et al., 2016; Tigini et al., 2016) may affect
the carbon sequestration of soil biota.

Nevertheless, the risk of harmful substances needs to be investigated
further. Instead of utilizing the source separated fractions as such, new
processing and recovery technologies can reduce the risk of harmful
substances (Lehtoranta et al. 2021a) and at the same time, reduce the volume
of fractions to a more easily transportable and field applicable form.
Processing of nutrients also allows them to be mixed with other recycled
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nutrients and with manure. In Finland, part of the recyclable nutrients, such
as manure and sewage sludge, are produced in relatively small areas and
beyond the needs of the regions. For example, in the case of wastewater most
of the sludge is generated in densely populated Uusimaa (Vilpanen and
Seppild, 2021), where there is little agricultural land for its application.
Therefore, the efficient recycling of nurtients, requires the processing of
nutrient fractions to ensure the safe and efficient recycling of nutrients and
enable their use in places, where nutrients are actually needed.

Even though this dissertation has not examined the techniques to improve
the nutrient recovery in the current practice of centralized municipal WWTPs,
it must not be ignored. In recent years, wastewater nutrient recovery
technologies have been studied and new technologies have been diligently
developed also in Finland, for example, the RAVITA and NPHarvest process
methods (Rossi et al., 2019; Kaljunen et al., 2021). With new technologies and
their combinations, even 1.3 times greater phosphorus recovery and three
times greater nitrogen recovery could be achieved in centralized WWTPs,
compared to current technologies (Lehtoranta et al., 2021a). At the same time,
new technologies can increase the usability of nutrients and reduce the
accumulation of hazardous substances.

4.1.2 CLIMATE IMPACTS

The climate change impacts addressed in Papers I-III show the possibilites to
reduce the climate change impacts in urban areas, but in rural areas the
impacts were smaller or higher compared to conventional systems. The results
indicate that climate impacts and nutrient recovery potential, especially, are
strongly related to the system design and the decisions made in the society.
Moreover, source separation does not in itself decrease climate impacts, but
allows for more efficient nutrient recycling. Achieving the climate benefits of
improved nutrient recovery requires the realization of avoided impacts of
fertilizers and energy.

The results of this study are in line with previous studies on source
separation reviewed in Lam et al. (2020). For example, Kjerstadius et al.
(2015; 2017) concluded that in urban areas, the carbon footprint decreased
with source separation, mainly due to increased biogas production, increased
replacement of mineral fertilizers in agriculture, and reduced nitrous oxide
emissions from wastewater treatment, which is in line with this study.
Moreover, other studies imply that, increased climatic benefits can also be
achieved with combined collection and treatment of food waste and
blackwater (Remy and Jekel, 2012; Kjerstadius et al., 2015; Kjerstadius et al.,
2017). Therefore, it can be assumed that the possibilities to utilize food waste
generated in the area would result in additional climate benefits, but only if it
would lead to a higher rate of food waste collection and anaerobic digestion.
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However, a literature review of LCA studies on source separation systems
reveal variability in the estimated climate impacts. While some studies report
that source separation systems have lower carbon footprints than
conventional wastewater treatment (Remy and Jekel, 2012; Spangberg et al.,
2014; Lam et al., 2015; Kjerstadius et al., 2015; 2017), others show the opposite
(Thibodeau et al., 2014) or no difference (Tidaker et al., 2006a).

The main contributors to climate change in rural applications have been
reported to be sludge transportation, nitrous oxide emissions from storage in
collection systems and field application of recovered blackwater sludge or
urine, as well as the construction and maintenance of on-site systems. In
conventional wastewater treatment, on the other hand, the largest
contributions originate from purification processes aimed at removing
nutrient and organic matter.

In total, the climate impacts in sparsely populated northern Finland were
smaller in source separating systems compared to the conventional system,
according to a streamlined analysis in Paper IV. However, the assessment of
the climate impacts of regional source separation systems and improved
nutrient recycling would require a more systematic and comprehensive life
cycle impact analysis. For example, transportation distances and logistical
solutions (e.g. location of regional treatment facilities) are key variables that
should be further studied in sparsely populated areas, as Paper I reflects. The
contribution of transportation to climate impacts has also been shown by
Dixon et al. (2003), Benetto et al. (2009) and Turlan (2019). The
transportation of sludge and the location of its processing facilities is one of
the critical questions for rural wastewater management that needs to be
investigated more throughoutly. Therefore, in order to assess the transport
distances required for source separation and the need for new regional
treatment facilities, the issue should be addressed through comprehensive
regional logistics modeling. Thus, the question of sludge treatment in
centralised versus decentralised plants is essential.

In this study, the climate impacts of conventional WWTPs were not further
analyzed, except for the uncertainty analysis in Paper III. The results reflect
similar findings to those of Maktabifard et al. (2022) has reported from the
Baltic Sea region. According to Maktabifard et al. (2022), the carbon footprint
of WWTPs could be reduced by up to 27% by selling biofuel, electricity and
fertilizers. They also found out, that direct emissions had the highest
contribution (70%) to the total carbon footprint of WWTPs, while energy
consumption dominated more than 30% of total indirect emissions. In
conclusion, the decrease in the nutrient load of the WWTP results in lower
climate emissions due to the reduced use of chemicals and nitrous oxide
emissions, which supports the source separation of wastewater.

However, it is important to note that avoided emissions from energy and
substituted mineral fertilizers (Paper III) will not be achieved unless their use
is reduced in the same proportion (IPCC, 2014). The actual emission benefits
depend on how avoidable emissions will realize, which depends heavily on
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societal policies and decision-making processes. For example, if the ongoing
reform of national fertilizer legislation (Ministry of the Agriculture and
Forestry, 2020) ends up restricting the future use of wastewater-based
nutrients in Finland, the benefits of the assumed replacement of mineral
fertilizers will be lost. The same applies to the energy produced. The full
realization of benefits usually requires the introduction of new policies and
policy instruments, as well as good planning and management. Moreover, the
time frame for avoided emissions is relevant to the results, as the benefits
achieved are expected to change over time as society changes.

4.1.3 EUTROPHICATION AND ACIDIFICATION

Decreased eutrophication and increased acifidication impacts in the
implementation of source separation systems were found in Papers I-III,
which have also been recognized in some other studies (Tidaker et al., 2006;
Spangberg et al., 2014). These impacts were mainly due to improved nurtient
recovery and reuse, with less nutrients ending up directly in water bodies.
Moreover, compared to sludge from WWTPs, the risk of acidification from the
storage and application of source separated nutrients is higher due to the
higher soluble nitrogen content of the fractions.

In general, eutrophic and acidific emissions associated with the use of
fertilizers are difficult to assess, due to the variation in weather conditions, soil
features and surface forms, proximity to watersheds, and the techniques and
cultivated plants used. Both impacts rely heavily on several agricultural
pressures and the physical attributes of the catchments (Dupas et al., 2015).
Moreover, the impacts of the use of mineral fertilizers may differ from those
of recycled fertilizers due to their features and application methods. Studies
comparing the use of mineral fertilizers and organic fertilizers did not show
statistical differences in yields, but the use of organic fertilizers had lower
emissions and energy consumption compared to mineral fertilizers (Horn et
al., 2020; Kytti et al., 2021). All in all, LCA results regarding eutrophication
and acidification impacts should be critically viewed (Morelli et al., 2018).

In Paper I, the eutrophication emission factor from on-site plants was
based on an assessment on what proportion of the nutrients end up in
freshwater ecosystem from the discharge water. This was an estimation based
on expert opinions, as no measured data was available. Sensitivity analysis of
the share of nutrients entering the water bodies showed that the main
conclusion did not change, and the urine-separating dry toilet was superior
compared to the other systems studied. Moreover, if the impacts of
implementing source separation at the regional level are at the core of the
study, a catchment scenario model would further contribute to the evaluation
of the eutrophication impacts and changes in sludge and wastewater nutrient
use. In addition to model changes in nutrient input and leaching, the effect on
the input of harmful substances into soil systems could be included.
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In general, wastewater treated in non-sewered areas puts more pressure on
water bodies than wastewater treated in centralized systems (Vienonen,
2007). If source separed nutrients are used for fertilization (for the actual need
of the plants), the impacts on eutrophication can be expected to decrease if the
use of mineral fertilizers is reduced. Especially in rural areas, the introduction
of source separation systems will reduce the load of organic matter, nutrients,
and pathogens on receiving waters, as only grey waters would be treated on-
site. However, reducing eutrophic emissions requires appropriate storage and
application of recovered nutrients to achieve the benefits.

The acidification emission factors used for storage and field application in
Papers II and IIT may overestimate the ammonia emissions of blackwater
digestate and urine. The use of manure-based conservative values for
blackwater digestate has led to similar results found, for example, in
Thibodeau et al. (2014). However, it should be noted that some studies suggest
that the application of digestate by subsurface injection reduces ammonia
emissions compared to mineral fertilizers (Riva et al., 2016). All in all, urine
and blackwater require further processing and appropriate storage and
spreading practices to keep ammonia evaporation to a minimum (Webb et al.,
2005).

4.2 RESTRICTIONS ON DATA IN THE ENVIRONMENTAL
IMPACT ASSESSMENT

421 SYSTEM BOUNDARIES AND DATA QUALITY

In wastewater management systems, the life cycle environmental impacts can
differ greatly depending on the treatment techniques of different fractions,
their use as fertilizers e.g. field or land application, and their ability to replace
nutrients in the farmland. In this study, the assumptions made for system
boundaries were based on expert opinions on well planned, adequately sized,
and maintained on-site and urban systems. However, in practice, this might
not be the case and the systems may, for example, be undersized and/or have
maintenance deficiencies. This would result in shortcomings in the systems
and cause environmental effects that have not been assessed in this study.
Furthermore, the results of the reference systems in this study cannot be
directly generalized to describe the state of wastewater management.

The input data used for raw materials and transportation etc. were mainly
based on the literature and the ecoinvent database. One of the biggest
uncertainties related to data lies within the estimations of on-site emissions.
Research data on emissions from on-site systems are limited, and in this study,
the emissions were assessed based on the emissions from WWTP (see section
2.4.3). In Finland’s national greenhouse gas inventory, the role of uncollected
wastewater in sparsely populated areas is more than ten times higher per
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person, compared to sewered systems (calculated from Statistics Finland,
2021 and Lapinlampi, 2021). The estimate is highly uncertain, as the default
values used have been defined for Europe (IPCC, 2006) without considering
the weather conditions in Finland or distinguishing between different on-site
wastewater management systems. Therefore, it is likely that the GHG
emissions reported in the national GHG inventory from sparsely populated
areas are overestimated. To gain a more accurate understanding on the
impacts of sparsely populated areas, more measured data are needed.

The emissions related to the storage and land application of nutrients, such
as leaching and emissions to air (eutrophic and acidific emissions), are
strongly related to the actual environmental circumstances, such as climate
conditions, soil properties and distances from water bodies, as well as
spreading techniques and types of storage used. In this study, the data used
for emissions from storage and spreading are based on manure related data,
since no accurate data were available. This caused uncertainties in all of the
impact categories studied. In addition, if the source separating wastewater
systems were to become more common and the recovered nutrients were to be
utilized in agriculture, more advanced techniques would be required to
process nutrient-rich fractions to ease their storage, transports and spreading
practices. The environmental impacts of these actions were not included in the
LCA assessments of the study.

In Paper IV, the environmental impacts were synthesized by utilizing the
information from Papers II and I1I. The results of the study are clearly a rough
estimation and need to be reviewed critically. In order to obtain a more
comprehensive and precise analysis, detailed information especially on on-site
systems and transport distances would have needed to be applied for LCA.
However, the results indicate that the role of sparsely populated area is
important for nutrient recovery, but the life cycle impacts of recovery and
reuse would require more detailed analysis to decide on optimal
implementation.

This study did not consider the potential for improving the nutrient
recovery of current processes at the centralised wastewater treatment plant.
In order to address the overall potential of decentralised source separation
systems on a Finnish scale, the possibilities to improve the processes of
centralized systems should be considered.

4.2.2 METHODOLOGICAL ASPECTS

In this study, SFA and LCA were used to analyze the nutrient recovery
potential and the environmental impacts of source separation systems
compared to conventional system in rural and urban areas in Finland. As
stated by Antikainen (2007), SFA itself is not a sufficient method for
environmental impact analysis and it needs to be accomplished with LCA, as
has been done in this study. However, LCA and LCA-based studies are highly

68



dependent on the boundaries of the study, the assumptions made, and the data
used, which makes it complicating to generalize the results.

This thesis combined the results of four studies. There were differences in
the design of the scenarios and their system boundaries, as well as in the data
and assumptions made. Therefore, care must be taken in the interpretation of
the results, as the results of the studies are not directly comparable, although
they are presented together in same figures. Hence, the emissions of the life
cycle stages are not comparable between the Papers, but the relationships
between them in each Paper are.

There were also differences in the research questions presented in the
Papers, resulting in different definitions of system boundaries and methods
used. In Paper I, the environmental impacts of on-site systems were compared
and the impacts on nutrient recovery and reycling were not included. Instead,
in Papers II-III, improving nutrient recovery and its impacts were the main
question to be answered. Therefore, the impacts of improved nutrient recovery
were analyzed by CLCA and the avoided impacts were included in the study to
reflect the potential for nutrient recovery to reduce the impacts. The CLCA is
typically recommended as an approach in decision making and policy
(Weidema et al., 2018) and has been found useful, for example, in situations
where a change is introduced to a WWTP and there is an interest to show the
environmental impact of the change (Heimersson et al., 2019). The ALCA
should be considered as an approach when there is an interest in knowing how
much of the global environmental impacts is the responsibility of that activity
(Ekvall, 2019). Eventually, the research question defines the frames and
approach for how LCA should be performed. However, there is still an ongoing
debate on methological aspects of ALCA and CLCA and the differences related
to them (Ekvall et al., 2016; Ekvall, 2019; Schaubroeak et al., 2021).

The marginal data are commonly used in CLCA and average data in ALCA,
but there is no clear consistency in their use (Ekvall et al., 2016) or in how this
data should be calculated and presented, especially in the case of electricity
(Curran et al., 2005). As a result, there are methdological inconsistencies in
CLCA studies due to the complexity of estimating marginal effects. Neihter in
ALCA is the definition of electricity production mix straight forward. (Ekvall,
2009; Soimakallio et al., 2011). In Papers II and III, electricity and heat
produced with biogas were credited as an average energy production mix and
marginal data were not used for simplification. This is, however, in line with
the ILCD handbook (2010) guidance, which states that average data can be
used to model small changes and marginal data can be used to model changes
that have a large-scale effect on system production capacity.

One of the main methodological challenges in LCA studies related to
nutrient recycling is the inclusion of carbon content of organic matter, its
impacts to the environment as well as its degradation. The climate impacts
related to these are typically excluded from LCA studies due to incomplete
methods, lack of research data and uncertainty in impact assessments
(Brandao et al.,, 2011; Petersen et al.,, 2013; Arzoumanidis et al., 2014;
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Soimakallio et al., 2015; Celestina et al., 2019; Lam et al., 2020). In this
dissertation, these impacts were not included, although in Paper I the carbon
storage formed by wastewater sludge and home compost was estimated very
roughly. The benefits achieved were insignificant due to the use of peat in
composting.

In general, nutrient recycling leads to improved environmental
performance by decreasing the need for mineral fertilizers and by helping to
restore the soil organic matter, which improves soil structure and micro-
organism activity, and reduces nutrient leaching (Liang et al., 2017; Wiesmeier
et al., 2019). In contrast, mineral fertilizers do not contain organic matter.
However, the common practice in recent LCA studies is still to completely
exclude the role of organic matter in recycled nutrients or nutrient rich
biomasses (Havukainen et al., 2020; Kytti et al., 2021).

Furthermore, any changes in wastewater nutrient recovery, sludge
production and processing and use affects the region’s carbon balance and
should be considered. When sludge or other organic material is utilized in soil
improvement or fertilization, the carbon in the organic matter starts to
decompose. A varying proportion of carbon in sludge or digestate is in a more
stable form and decompose more slowly than the carbon in a readily
degradable form (Heikkinen et al., 2021). Processing of these recycled
biomasses affects the properties and content of carbon. The slowly degradable
carbon is important to maintain the soil carbon storage. The readily
degradable carbon of the organic matter ending in the soil, i.e. the labile
substance, is important for the soil biota, in the decomposition activity of
which the nutrients bound to the organic matter are released back to the
plants. Soil microbes have an important effect on carbon storage as they break
down carbon into a more permanent form (Liang et al., 2017, Wiesmeier et al.,
2019). However, the role and mechanisms of soil microbes in the carbon cycle
are still poorly understood (Liang et al., 2017; Chenu et al., 2019).

Some simplified attempts to include the changes in slowly degradable
carbon related to nutrient recycling and processing of biomass in LCA studies
has been accomplished by introducing Yasso-modeling (Liski et al.) and/or
assumptions on degradation measures (Heinonsalo et al., 2020; Paavola et al.,
2020; Lehtoranta et al.,, 2020; Lehtoranta et al., 2021¢). Moreover, the
temporal occurrence of greenhouse gas emissions and sinks is also a key factor
in assessing the climate change impacts of organic materials and their
processing. Dynamic indicators can be used for evaluation, that take into
account the temporal occurrence of greenhouse gas emissions and sinks. For
example, the REFUGE3-model (Pingoud et al., 2012; Helin et al., 2016;
Koponen and Soimakallio, 2015) can be applied to estimate the impact of
temporal emissions as Lehtoranta et al. (2022) and Koponen and Soimakallio
(2015) have done.

Even though the methods are incomplete and under development, some
indicative information can be obtained. Therefore, in future studies, when
assessing changes in sludge production, the impacts on soil and carbon storage
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should be modelled at the regional level and the effects of changes in
wastewater management, sludge processing and spreading to soil should be
assessed. In addition, the role of using the sludge in landscaping compared to
agricultural use, should be examined.

4.3 SOURCE SEPARATION IN PROMOTING CIRCULAR
ECONOMY

4.3.1 FEASIBILITY IN RURAL AND URBAN AREAS

The results of this study indicate that, source separation has environmental
benefits, and it should be therefore introduced more widely. As the technology
is already in use on ships and aircrafts, as well as at outdoor festivals, for
example, some source separated wastewaters could be utilized more efficiently
in the short term already. The technology is viable and sensible option,
especially in isolated areas, such as the Finnish archipelago and ski resorts in
Lapland, where water availability can also be a challenge or occupancy rates
vary greatly throughout the year, causing difficulties in municipal WWTPs
wastewater treatment resulting in risk of overflows. By source separating
wastewater, the design challenges of sizing the wastewater treatment plant, for
example, can be reduced.

The implementation of source separating systems should be considered,
especially when renovating or improving current systems in both rural and
urban context. Source separation systems are more easily applicable in rural
areas, but, in cities and urban areas, the switch to alternative systems would
need more infrastructural changes. In both cases, the challenges are mainly
related to technical and logistical issues, like transportation and processing of
the collected urine and blackwater.

In general, blackwater systems perform better than urine systems in both
urban and rural context in terms of nutrient recovery and feasibility
(Kjerstadius et al., 2015; Skambraks et al., 2017; Bisschops et al., 2019; Besson
et al., 2021). Practical issues related to urine separation include, e.g. that urine
forms spontaneously struvite, which might clog pipes and compromise
collection and pre-treatment systems (Doyle and Parsons, 2002; Altinbas,
2009; von Bahr and Kiarrman, 2019). In addition, blackwater separation offers
the opportunity to utilize other local organic feedstocks in anaerobic digesters.
For example, kitchen or/and garden waste can be collected and treated
anaerobically together with blackwater to produce biogas for energy and
digestate for fertilizer use, increasing the nutrient and energy recovery
potential even further (Kjerstadius et al., 2015; Kjerstadius et al., 2017;
Skambraks et al., 2017; Stowa, 2018; Gomez et al., 2020; Xu et al., 2021).

Urine separation can be feasible in rural areas, especially if treated on-site
to reduce the volume for collection and transportation (e.g. Malila et al.,
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2019b; Turlan, 2019). In urban and peri-urban areas, the collection of urine
would require a separate sewage system or on-site treatment to reduce the
need for transportation. On the other hand, the relatively easy processing of
urine into fertilizer products, such as struvite, favors a urine separation system
(Ganrot et al., 2007). The advantage of 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.

Source separation could reduce the diffuse pollution load of on-site
wastewater treatment systems in households’ in rural areas. Furthermore,
source separation would decrease the amount of septic tank sludge collected
and treated in municipal WWTPs. This would facilitate the operation of small
treatment plants that report difficulties in treating sludge collected separately
from septic tanks under their environmental permits due to the increased load
on their systems, leading to long-distance transport of sludge to larger units
(Tarkka and Leppinen, 2019). In addition, on-site wastewater treatment
systems do not always work ideally in cold winter conditions due to reduced
biological activity (Luostarinen et al., 2007; Kauppinen et al., 2014; Kinnunen
et al., 2021; Vidal et al., 2021). Source separation partially addresses this
problem, as only grey waters are treated on-site.

According to the results of this study, especially in rural areas, an on-site
source separation system could be a better option for eutrophication than
conventional on-site soil systems, provided that the on-site systems function
properly and are appropriately maintained. However, logistics is one of the key
issues related to the implementation of source separation sanitation and
nutrient recycling, especially in sparsely populated rural areas. To alleviate
logistical challenges, nutrients in urine and blackwater could be processed into
easily transportable fertilizer products either in households or centrally.
Tidéker et al. (2007) suggested handling septic tank sludge from rural areas as
fertilizer on farmlands as an alternative to its treatment in a municipal WWTP.
Farmers had a generally positive attitude toward handling (collection, storage,
and spreading) of sewage sludge, on the assumption that the economic
conditions are favorable, and the food industry accepts the practice (Tiddker
et al., 2004). However, organizing the entire system from collection to reuse
has been found to be challenging (McConville et al., 2017.)

In urban areas, source separation systems might be an attractive option for
urban renewal or new city districts, especially given the cost of renovating
outdated sewer networks and WWTPs and the potentially emerging market for
recycled nutrients. If source separating systems were implemented in cities
and urban areas already connected to the WWTP, the incoming nutrient and
BOD loads to the WWTP would decrease significantly. For example, if the
urine of all Finns were collected separately, the nitrogen load in WWTPs would
be reduced by a quarter and the phosphorus load would be halved (Siyl4, 2015;
Malila et al., 2019a). This would result in lower sizing requirements for
WWTPs, which in turn would reduce energy and chemical consumption as well
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as sludge production. However, reduced nutrient flow to WWTPs may affect
the activated sludge process, which requires an appropriate C:N:P ratio.
However, WWTPs and their input flows are site- specific, and it is possible that
a reduction in nitrogen inflow could cause operational problems. The impacts
of source separation on the operation of WWTPs in general have not been
studied in more detail in this study.

In the recent years, a lot has happened at European level, especially in the
implementation of source separation in urban planning. In Sweden, the
Netherlands and Germany, there are a several development projects
implementing source separation in the urban environment, some of which are
already in use and new large- scale pilot areas are being planned (Stowa, 2014;
Skambraks et al., 2014; Skambraks et al., 2017; Lennartsson and Kvarnstrém,
2017; Lennartsson et al., 2019; Gomez et al., 2020). The implementation of
source separation systems is, however, hindered by several problems, which
are related to administrative issues, weak interactions between knowledge
development and entrepreneurship, and responsibilities (Lennartsson and
Kvarnstrom, 2017; Lennartsson et al.,, 2017; McConville et al., 2017;
Lehtoranta et al., 2021). Also, decision making in sanitation planning has been
reported to be complex, including trade-offs between sociopolitical,
environmental, technical, and economic factors (Bao et al., 2012).

One of the main questions in source separating systems is related to their
economic feasibility. In sparsely populated rural areas, the expansion of
sewage networks is rarely an economically feasible option due to long
distances, which supports the implementation of source separating systems.
In urban areas, some studies report the total costs of source separating
systems being higher than in the conventional system at current market prices
(Paper III) while others show the opposite (Wood et al., 2015; Schoen et al.,
2017) especially if compensations for energy and fertilizers produced are
recognized (Xue et al., 2016). However, the market for separating systems is
marginal compared to the mainstream and the market for recycled nutrients
is still evolving, which is reflected in their overall price level. In the future,
water and nutrient scarcity may trigger the need for alternative separating
sanitation solutions, making them more common and likely lowering their
prices. However, the life cycle cost of source separation should be studied and
compared to the possible improvements and investments required in
municipal WWTPs. This would clarify the context and scale in which source
separation would be an economically and environmentally viable alternative
(McConville et al., 2017).

4.3.2 TOWARDS CIRCULARITY

Although the benefits of source separation are undeniable in terms of nutrient
recovery, the implementation of such systems would largely require a systemic
change in the wastewater treatment sector towards a circular economy (Larsen
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et al., 2009). Among Finnish water experts, nutrient recovery has been
acknowledged as a highly significant aspect of the circular economy, but the
probability of realization is low (Laitinen et al., 2019). This may reflect the fact,
that water services are rather conventional and rigid in terms of change
(Heino, 2016). Moreover, while rational planning and conventional habits
prevail in the education and management of water services (Innes and Booher,
2010; Kurki, 2016), management problems are increasingly interconnected
with political and social domains (Teisman et al., 2013; Linton and Budds,
2014). Thus, in order to exploit the potential for source separation, technical
and financial investments are not sufficient, but a wide systemic change
towards a circular economy is needed in the water services sector.

Traditionally, source separation has been considered a viable option only
in rural areas (Nelson and Murray, 2008), but the results of this study show
their potential in the urban area as well. According to Larsen et al. (2009), it
is often assumed, that the acceptance of a source separating system is objected
because of the anticipated feeling of revulsion, but some studies indicate the
opposite; most people actually like source separating systems (Lienert and
Larsen, 2010). Moreover, the attitudes of farmers using human originated
nutrients are generally positive, as long as they are safe and convenient to use
(Lienert et al., 2003; Simha et al., 2017). In addition, Simha et al. (2021a)
concludes, that the acceptance among food consumers is not, at least, the
major social barrier to the utilization of human urine.

Currently, many factors, among the negative attitudes and suspicions
related to the use of human urine and feces in crop cultivation, prevent
nutrient recovery from wastewaters on a larger scale. These include
undeveloped logistical and management chains, as well as legislative barriers
(Magid et al., 2006; Lienert and Larsen, 2010). The key bottlenecks in the
profitability of the nutrient cycle of human origin as well as other recycled
nutrients, are the low prices of mineral fertilizers and the lack of knowledge on
hazardous substances. However, in the past few years, the prizes of mineral
fertilizers have begun to rise and just recently concerns regarding the security
of nutrient supply in unstable conditions have increased, making nutrient
recycling more attracting and topical. There are also a need for policy
instruments and incentives to enable the use of human originated recycled
fertilizers in Finland. This would require the setting of threshold values for
hazardous substances to ensure the safe reuse of nutrients.

In practice, the implementation of source separation, especially on an
urban scale, requires major structural changes in infrastructure and practices,
and according to Swedish experience, the process of implementing research
results in practice is not straight forward (Kvarnstrom et al., 2000;
Lennartsson et al., 2019). Although technical solutions are available and ready
to be implemented with relatively low risks (Kvanstrém et al., 2006;
Skambraks et al., 2014; Gomez et al., 2020; Larsen et al., 2021a;b), the biggest
challenge is to change current business and service models. However,
successful projects, such as in Sweden, can reduce the technical, cost and
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regulatory uncertainties of future projects and thus support the
implementation of future projects (Skambraks et al., 2017). Moreover,
experiences with implementing smaller-scale source separating systems has
already made it possible to scale up and it is already relevant to discuss the
introduction of the concept instead of piloting (Bisschops et al., 2019).
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Conclusions and recommendations

5 CONCLUSIONS AND
RECOMMENDATIONS

The results of this study indicate that source separation would result in higher
nutrient recovery in urban, peri-urban and rural areas compared to
conventional systems. Source separation systems in rural areas have a higher
increase in nutrient potential per capita compared to urban and peri-urban
systems. Especially in rural areas, source separation would decrease the risk
of diffuse pollution and provide a viable solution to current practices.

In urban areas, source separation shows clear benefits in terms of climate
change and eutrophication. Blackwater treatment also provides a local
resource of energy. The risk of higher acidification impacts is present in source
separating systems requiring special attention in the handling, storage, and
application of nutrients. Processing nutrients into a more transportable form
would ease their use over a wider area and improve the safety and acceptance
of recovered nutrients but would increase energy use.

Allin all, with source separation, climate and eutrophication impacts could
be decreased, but drawbacks in acidification impacts may occur. However, the
actual environmental benefits of improved nutrient recovery and recycling
require the realization of avoidable emissions, which rely strongly on the
decisions made in the design of the system and the societal policies. For
example, the benefits of improved nutrient recovery with source separation
will not be realized if it does not lead to replacement of inorganic, energy-
intensively produced fertilizers and fossil fuels. The full realization of the
benefits usually requires the introduction of new policies and policy
instruments, as well as good planning and management.

The CLCA offers an excellect tool to support planning, decision- making,
and policy related to nutrient recycling by showing the potential
environmental consequences of decisions. Moreover, LCA can be used to
identify additional information needs and knowledge gaps. Although some
principles have been developed, the LCA methodology still needs further
development and accepted rules are needed for nutrient recycling to include
the carbon content of organic matter, its impacts to the environment as well
as its degradation. In the future, as the aim of the policy is to increase the
efficiency of nutrient recycling, instead of studying only small or local-scale
impacts, research efforts should also be made to analyze the impacts of
changes in the processing and utilization of sludge or other recycled nutrient-
rich biomasses (such as manure) in regional level and include impacts on
carbon fluxes and harmful substances.

The results of this study reveal the importance of careful planning and
management of wastewater treatment systems from a life cycle perspective in
pursuit of sustainability. Sustainable and efficient recycling of wastewater
nutrients requires successful management and planning of the whole chain,
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from site planning, collection, transportation and storage to processing and
end use, to achieve cost-effective, acceptable, and environmentally sustainable
end products. In addition to the development of technologies, logistics and
regulations, a change in attitudes is needed to make human-originate
nutrients socially acceptable for use in agriculture. This socio-technical change
is inevitable to meet the growing nutrient demand of food production and to
increase self-sufficiency and promote security of supply. To achieve this, the
safety of nutrients of human origin for the environment must be ensured.

In the society, the recent rise in prices and the change in the availability of
nitrogen fertilizers are supporting efforts to recover and recycle nutrients from
wastewater. With source separation sanitation, the greatest increase in
nutrient recovery is reached especially for nitrogen. Source separation is
technically simpler than adding new recovery technologies to municipal
WWTPs. However, the utilization of source separated nutrients may require
the introduction of new technologies to process the nutrients for transport and
field application. In this context, an overall assessment of the environmental
life cycle impacts and costs of nutrient recovery, either by source separation or
in WWTPs are worth considering.

Source separation allows for more efficient recycling of nutrients and
would support the self-sufficiency of fertilizers. Thus, to realize the potential,
policy support for the agricultural use of wastewater-based nutrients is
needed. Moreover, in order to achieve the goals of nutrient recycling and the
circular economy in Finnish environmental policy, the use of wastewater-
based nutrients should be supported by legislation. This requires that the
nutrients contained in the effluent are recovered and processed into safe end
products. Source separation of wastewaters itself would offer a great
opportunity to recover nutrients in safer, and plant available form.

Tackling the inefficiencies of nutrient recovery and recycling promotes the
change towards circular economy and carbon neutrality in wastewater
management. Source separation of wastewaters offers one way to accomplish
these. However, source separation is not a short-term solution to improve self-
sufficiency of nutrients due to significant changes required in infrastructure
and technologies. It requires systemic change to transform current sanitation
systems to support nutrient reclaim, recovery and reuse at their full capacity.
Moreover, the need to repair existing and outdated wastewater systems is
obvious and thus, careful consideration is needed to evaluate which solutions
are worth implementing in the future. This represents a great opportunity to
replace conventional and ineffective treatment systems with source separation
units in suitable areas.
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