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Abstract

Circular Economy (CE) and Circular Nutrient Economy (CNE) have garnered increasing atten-
tion in both public discourse and scientific research over the past decades. The fundamental principle
of CNE is to transition away from linear organic material flows by maximizing recycling and reuse
while minimizing the reliance on virgin resource inputs and the disposal of unrecoverable organic
waste. At the regional level, various indicators and methodologies have been developed to assess
the extent to which CNE objectives are achieved, although there is yet no standardized set of indi-
cators and neither consolidated agreement on what CNE objectives entail.

The primary aim of this study was summarizing existing literature on CNE concepts and Circu-
larity Indicators (Cls) relevant to CNE mass flows at the regional scale. Secondly, this research
sought to synthesize and operationalize CNE concepts by developing a novel framework that incor-
porates key CNE objectives. Lastly, the study applied newly developed indicators to assess the CNE
performance of four regional systems in Europe, facilitating a comparative analysis of the actual
state of CNE objectives and their circularity performance.

Despite the broad range of CNE goals identified in the literature, this study delineates three cri-
teria for regional CNE objectives: (/) 4R framework, (2) the soil potential and biomass production
limits of the region, (3) toxicity and regeneration at all system stages. The Phosphorus Output
Circularity Index (POCingex) assesses criterium 1, ranking into classes the CNE benefits of the re-
gions from A (high) to D (insufficient). Applied to Mass Flow Analysis (MFA) of Brandenburg,
Denmark, Brussels-Capital, and Switzerland, all regions scored C, indicating rather low CNE per-
formances. Criterium 2 was assessed via the Standard Livestock Unit deviation (SLUgey), revealing
reliance on imported feed and insufficient marginal land for self-sufficiency in all four regions. Cri-
terium 3 was evaluated by applying the share of organic phosphorus (P) inputs, which remained low
(~10%), raising concerns about organic material safety.

The POCindex, the organic P input share, and the SLUq.y indicators rely on broad assumptions,
literature-derived data, and simplified mathematical formulations. While these indicators provide
new qualitative insights and facilitate assessments based on readily available mass flow data, their
scientific robustness remains limited and other objectives of CNE, such as import dependency, crop
production, food waste reduction & reuse, or environmental impact, remain unaddressed. A key
challenge identified in this study is the multidimensional nature of CNE concepts, which encom-
passes social, economic, global, and environmental dimensions. Future research should focus on
identifying the most effective metrics and standardizing CNE evaluation methodologies to enhance
the reliability and comparability of regional circularity assessments.

Keywords: Circular Economy (CE), Circular Nutrient Economy (CNE), CNE objectives, Circularity
Indicators (Cls), regional circularity assessments, Mass Flow Analysis (MFA), POCindex, SLUGev,
share of organic P input
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1. Introduction

Natural resources are being exploited by increasing trends of linear material
flows, raising serious global concerns about the security of and access to natural
resources for future livelihoods (EEA, 2016). Circular Economy (CE) is a broader
concept that includes environmental, societal, and economic dimensions. (Kirch-
herr, et al., 2017). Beside the fact that the goals of CE are politically and socially
ambitious, scientific research on CE remains in its infancy (Korhonen et al., 2018).

Circular economy has great potential to reduce pressure on natural resources
(Haas et al., 2015). The circular nutrient economy (CNE) is a growing field of stud-
ies as well, the goal of which is to achieve a transition from the use of virgin nutri-
ents to nutrient recycling from residues that have been removed from the environ-
ment by agriculture (Valve et al., 2020).

Globally, the extraction, processing and disposal of biological materials is a ma-
jor source of greenhouse gas emissions, water stress and biodiversity loss (Euro-
pean Commission, 2020). In a business-as-usual scenario, future global material
consumption and waste generation rates are set to more than double in the next forty
years (EC, 2020).

In Europe, certain types of sewage sludge, manure, and digestates are already
used as recycled fertilisers and these products are supported by consolidated regu-
lations for the use in agriculture (Krause, et al., 2021). However, for example in
Germany, most of the sludge from wastewater treatment plants (WWTP) exceeds
threshold values of various heavy metals like cadmium (Linderholm et al., 2012),
and is therefore incinerated (Theobald, et al., 2016). Additionally, currently there
are no regulations for fertilisers produced from source-separated human excretions
in Europe, which is inhibiting the development into practice of nutrient recycling
even though processes, technology and good-practice examples are available in re-
search and pilot projects (Krause, et al., 2021).

A major problem for the field of circular economy, as well as for the circular
nutrient economy, is that these are concepts with unclear definitions and assessment
metrics. Additionally, there are other competing concepts such as bio-based econ-
omy, green economy, or circular bioeconomy, which overlap the contents and ob-
jectives of CNE (Kardung et al., 2021).

For decades, nutrient leakages have caused eutrophication and global trade of
agricultural goods led to nutrient depletion in net exporter countries and accumula-
tion in net importers (Buckwell & Nadeu, (2016); Harder, et al., (2021)). In Euro-
pean countries manure, municipal waste streams and food processing waste (par-
ticularly from slaughterhouses) are the three largest substrates with high potential
for nutrient recovery (Buckwell & Nadeu, 2016). It is estimated that if these sub-
strates were optimally recovered, they could cover 18-46% of the total N and 43%
of the total P applied to EU crops (Buckwell & Nadeu, 2016).



Circular economy operates on many levels, including products, companies, cit-
ies, and nations (Kirchherr et al., 2017). To counter the issues of linear economic
systems, the EU wants to address sustainability goals by implementing the Circular
Economy Action Plan (CEAP) (European Commission, 2020). While initiatives
such the CEAP are increasing in the business and policy sectors, scientific research
on circular economy remains underexplored (Korhonen et al., 2018).

1.1 Specific problems addressed

In the area of pollution prevention, waste management and agricultural produc-
tion, several mass flow analysis (MFA) studies with their related circularity indica-
tors exist (Harder et al., 2021; Koppelmaki et al., 2021; Papangelou et al., 2021). In
system analysis nutrient flows can be mapped to figure trends in environmental
pressures or waste generation. MFA is an efficient tool that helps to understand,
among other things, the sources, recyclability, or disposal of materials (OECD,
2008).

Circularity indicators (Cls) are understood as a group of indicators among many
others that belong to the umbrella term of circular economy indicators (Moraga et
al., 2019), which can be on different levels of analysis and include social and eco-
nomic aspects as well. Especially indicators to measure CNE performances are of
various type, difficult to apply and not standardized (Moraga et al., 2019), since
each study developed their own indicators, or the indicators are based on different
objectives and criteria. For these reasons, in the scientific domain, a crucial chal-
lenge seems to be agreeing on a standardised set of circularity indicators (CIs) to
measure the progress towards the goals of CE (Moraga et al., 2019). As an example,
the Swiss circularity gap report (2023) explicitly states that circularity metrics of
the ecological cycling potential of the biomass have been excluded from their cir-
cular economy assessment, because of lacking tools to measure nutrient circularity
(Circle Economy, 2023). Likewise, Haas et al. (2020) analyse the global socioeco-
nomic circularity of biomass only by considering the carbon neutrality of flows.

The authors suggest that additional assessments such as disruption of biogeo-
chemical cycles, soil erosion, fertiliser application, and nutrient emissions should
be integrated (Haas et al., 2020). Nutrient flows studies are in some cases assumed
to be circular by nature, without considering for example the implications on global
land use (Haas et al., 2020) or the increasing competition of feed and bioenergy
production with human food production (Muscat et al., 2020).

The goal of this thesis is also to provide a group of stakeholders with new and
adapted indicators for regional nutrient management. These stakeholders include
larger organisations such as the Ellen MacArthur Foundation (EMF), which wants
to promote circular economy (CE) practices; smaller start-up companies that want
to promote the circularity of nutrients by treating faeces and urine with compost
toilets; and environmental government institutions that need indicators to evaluate
the state of circularity in their regions. All of these stakeholders need effective
indicators that reflect the objectives of the circular nutrient economy.



1.2 Research Objectives

Appropriate circularity indicators are needed to understand nutrient flows on a large
scale, i.e. macro scale (Kirchherr et al., 2017) and their impact on sustainability
(Harder et al., 2021). A standardised set of indicators is also important for decision-
making processes because through them, complex systems may be summarised and
reduced into manageable information (Saidani et al., 2019) for the use of various
actors in many scientific sectors, including business and policymaking.

Acknowledging the fact that there is a need to develop a set of standardised Cls
in the context of regional and interregional nutrient economies, together with the
will of enriching with arguments the ongoing debate about what criteria and what
outcomes these indicators should assess, are fundamental topics that will be ad-
dressed in the present study.

The aim of this paper is to evaluate the current state of development of indicators
for assessing circularity in nutrient cycles, and to contribute to the further develop-
ment of circularity indicators for MFAs of nutrients in regional and interregional
systems. Hence, the research question examined in this thesis is: What do existing
circularity indicators assess on a regional level, considering that CNE definitions
are not yet clearly defined? How could these indicators be improved in the context
of regional nutrient management? This can be broken down into the following
two objectives:

1. Suggest improvements to existing circularity indicators for nutrients in ma-
terial flow analysis on a regional level.

2. Regional system application of the developed set of indicators (1). Case
studies evaluation of the circular nutrient economy.

1.3 Delimitations

The focus of this work is centred on nutrient circularity in terms of natural capital,
environment limits, energy and biomass production and consumption patterns.

Therefore, economic factors and social variables, are outside of the scope of this
thesis. This decision is consistent with the idea of Preisner et al. (2022) that numer-
ical indicators of resource and energy recovery from waste streams have the effect
of increasing awareness to adopt CE strategies in economic and social terms.

Although circular nutrient economy operates on all levels of circular economy
(micro, meso and macro), this thesis will focus on regional analysis. In the context
of CE, the regional level is defined by Kirchherr et al., (2017) as macro level. There-
fore, this thesis will not include analysis of the micro level, such as products or
companies, nor meso level (e.g. eco-industrial parks).

1.3.1 Focus on Phosphorus

The main reason for the focus on P is due to the difficulty of applying CE principles
to biomass. In fact, biomass is not a perdurable material but a substance that
changes shape and composition through the production and consumption processes
(Navare et al., 2021). P, together with C, N, and K, is a fundamental component of
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biomass and organic materials. The advantage of P is that it can perform as a very
good trace element due to its non-volatile nature and its high binding property into
biomass and soil particles (Tanzer & Rechberger, 2020; Papangelou et al., 2021).

Another basic objective of CE is to decouple from the input of virgin materials
(non-renewable sources). This concept can easily be applied to P, as it is a critical
source, mainly derived from mined phosphate rock (Senthilkumar, et al., 2014), and
at the same time it can be a serious pollutant for aquatic environments (Nesme and
Withers, 2016).

11



2. Theoretical framework

This chapter aims to describe the theoretical discourse and previous research on the
concepts related to circular nutrient economy as well as clarify which definitions
will be used in the present study.

2.1 Background information

Circular economy (CE) aims to replace the linear extract-produce-use-dump model
of materials and energy flows, with a circular model where materials should first
be reused, and if not possible, remanufactured or recycled into new components,
alternatively incinerated for energy recovery or, as a last option, landfilled (Korho-
nen et al., 2018). So far, CE concepts have been emphasised by businesses and
policymakers, while scientific research on the topic is not fully explored, especially
from the perspective of sustainable development and planetary boundaries (Korho-
nen et al., 2018).

There are many definitions of CE, many of them varying substantially in terms
of objectives (Geissdoerfer et al., 2017; EMF, 2015; Korhonen et al., 2018; Kirch-
herr et al., 2017). The lack of consensus can arguably pose problems for measuring
and comparison between systems when studies are using different versions of CE.

The core principles of CE, according to Kirchherr et al. (2017) are structured
around the following four concepts: the 4R framework (reduce, reuse, recycle, re-
cover), the waste hierarchy (order of ranking of the 4R-framework), the system
perspective (micro, meso, macro), and sustainable development. Kirchherr et al.
(2017) reviewed 114 available definitions of CE and deduced the following com-
pact verbal definition:

“A circular economy describes an economic system that is based on business models which
replace the ‘end-of-life’ concept with reducing, alternatively reusing, recycling and recovering
materials in production/distribution and consumption processes, thus operating at the micro
level (products, companies, consumers), meso level (eco-industrial parks) and macro level
(city, region, nation and beyond), with the aim to accomplish sustainable development, which
implies creating environmental quality, economic prosperity and social equity, to the benefit of
current and future generations.” (Kirchherr, et al., 2017).

Although this definition might be the most widely used, concepts of “restoration by
design” (EMF, 2015) and “respecting the natural rate of reproduction” (Korhonen
et al., 2018), or “regenerative system” (Geissdoerfer et al., 2017) are less empha-
sized by Krichherr et al. (2017), who limited the definition regarding the biological
context to “creating environmental quality”.
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The definition of the Ellen MacArthur Foundation (EMF) distinguishes two
types of material cycles: technical and biological cycles. In technical cycles, the
goal is to maintain, reuse, refurbish and recycle materials. In biological cycles, on
the other hand, biogenic materials such as food, feed, and wood, must remain non-
toxic and must be reintroduced into the agroecological system at a rate that is in
balance with natural processes (EMF; Granta, 2015).

Presumably, according to Kirchherr et al. (2017), the term “environmental qual-
ity” includes the regenerative aspect too, but the fact that it is not explicitly men-
tioned may lead to misinterpretation of how environmental quality should be ad-
dressed.

2.1.1 Circular nutrient economy

The concept of circular nutrient economy (CNE) encompasses all types of nutrient
management practices aimed at reducing nutrient losses in production systems and
increasing nutrient reuse of waste streams back in agricultural production, while
providing multiple economic, environmental, and societal benefits (Zhou et al.,
2023). In addition to efficiency, the CNE aims for a general reduction of total inputs
(Papangelou & E. Mathijs, 2021).

Core elements of the circular bioeconomy are the limited availability of biomass
as the prime resource and the sustainability of its management, with the aim of
achieving a “functional substitution” of the linear fossil-based economy, i.e. provid-
ing the same functions but in a more sustainable way (Befort, 2020).

Similarly, according to Navare et al.’s (2021) definition, biological cycles in the
context of CE should consider the 1) sustainability of sourcing materials, 2) the
cascading use of materials across consumption compartments, 3) measuring the ef-
ficiency of nutrient re-entry into biological cycles, and 4) assessing the environ-
mental impact of using biogenic resources (Navare et al., 2021).

2.1.2 Bioregions

A circular nutrient economy analysis should not treat all regions equally because
some have more diverse and fertile land for crop production than others. In the
1970’s bioregions were defined as biologically significant areas around the globe
with individual characteristics of biodiversity and fertile soil formation resulting
from natural landscape development, plants and animals, and their domestication
by humans (Newkirk A. V., 1975). The concept of “identity” of biocultural systems,
with specific occurring natural resources, climatic conditions, morphology, and de-
riving interactive watersheds, was elaborated to recognize the risks of exploiting
single regions with unique resources for the benefit of other regions (Berry Thomas,
1984).

For a regional systematic evaluation of the macro system concept, FAO devel-
oped the Agro-Ecological Zones (AEZ) methodology, which provides a framework
for quantifying multiple spatial characteristics of regions to measure land produc-
tivity using, for instance, climate, soil moisture regimes, and share of protected ar-
eas (Fischer et al., 2021).

In this context, it follows that when comparing two macro regions in terms of
their level of nutrient circularity, the regional and current biophysical and cultural
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differences can be considered to get a more holistic understanding of the system
boundary and its self-sufficiency potential versus its import dependency.

2.1.3 The meaning of production in agricultural terms

In CE, the production of goods in the technosphere can be broken down to a factory
plant with specific required inputs (technology, energy, and raw materials) and a
specific function (product oriented). From a technical point of view, the production
of materials can take place anywhere.

In agricultural production, which is linked to the ecosphere, soils are the basis to
produce biomass, which, unlike in the technosphere, is bioregion-dependent and
varies in efficiency depending on the availability of land, soil fertility, climate, solar
radiation, and the water cycle. On top of this, soils provide ecosystem functions
beyond food production (product and environment oriented).

This means that, in addition to social, economic and political factors, production
in biological systems is governed by site-specific conditions and must take into ac-
count its multi-functionality.

This fundamental difference between the technosphere and the ecosphere was
neglected during the Green Revolution in Europe, and it is also not very much con-
sidered in CNE regional assessments so far. As a result, agricultural soils were
viewed as industrial production sites (food oriented) and technological improve-
ments make it possible to increase yields (Notarnicola et al., 2017).

The technical interpretation of agricultural production is still conceptualized in
current system analysis methodologies. In fact, many food-related Life Cycle As-
sessments (LCA) studies today still do not include impacts on soil fertility, water
balance, and biodiversity, which means that they do not address natural capital con-
servation and long-term food security (Notarnicola et al., 2017).

2.1.4 Material Flow Analysis and Circularity Indicators

Material Flow Analysis (MFA) is a multipurpose family of tools based on the mass
balance principle. MFA is used to identify the input, throughput, and output of
physical flows of any material in a defined system. MFA can be applied to either
economic, natural resource management or environmental policy (OECD, 2008).

MFA can be applied at different levels: from a natural unit, such as a soil eco-
system or an industrial plant, to a territorial or global scale to analyse material ex-
changes between countries (plastics, wood, metallic materials, etc.).

In the context of industrial symbiosis, a precursor concept of CE, initial indica-
tors have been developed to measure the socioeconomic metabolism at the national
level, such as the domestic material input (DMI), domestic material consumption
(DMC), or the total material requirement (TMR) (Graedel and Lifset, 2016).

There is a consensus in the literature to differentiate CE indicators into two clas-
ses: there are inherent CIs, which measure the performance of material recirculation
rates, and consequential Cls, which is a group of indicators that measure the conse-
quences of CE loops on the environment, society, and economy (Saidani et al.
(2019); Vural Gursel et al. (2023)).

China was one of the first countries to develop national CE indicators, one set
for the macro level and one for the meso level (Geng et al., 2012). Based on the 4R
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principles and the MFA model, the four categories that are contained are resource
output (GDP production), resource consumption, resource integrated use (level of
material circularity), and waste disposal/pollution emissions (Geng et al., 2012).
CE principles such as “reuse” may have different interpretations, depending on
the level of system analysis. In WWTPs at the micro level, an example is a devel-
oped CE indicator for reuse of sewage sludge, which was used in a study that de-
fined the proportion of sewage sludge that was used in anaerobic digestion (AD) as
a reused fraction, even though the digested sludge was ultimately either landfilled
or incinerated (Kiselev et al., 2019). In contrast to this interpretation, at the macro
level, the “reuse” principle of AD sludge clearly refers to land application on farms.

2.2 Key concepts for indicator development

2.2.1 Hierarchical concepts in CNE

The Waste Hierarchy (WH) concept has been adapted for decades to show which
strategies are more sustainable than others, mainly between landfilling, recycling,
reuse, and prevention of waste generation (Schmidt Rivera, et al., 2020).

However, due to the complexity of the waste material composition, and the miss-
ing inclusion of economic factors, so far, the WH has been considered as unsatis-
factory for application in the field of CE (Van Ewijk & Stegemann, 2016).

Muscat et al. (2021) defined principles specifically for circular bioeconomy. In
their concepts the idea is to prioritize patterns of biomass production and consump-
tion (Figure 1). This aspect should be seriously addressed, considering that biofuels
and high-protein feeds for livestock in the global North are at the expense of global
food security and malnutrition in the global South.

After consumption, the best option for reuse is clearly determined by the level
of contamination. A waste hierarchy-based management framework in the context
of nutrient systems was developed by McConville et al. (2015), which applies five
waste management options: reduce, reuse, recycle, incinerate, and dispose. In this
conceptualization reduce refers to the generation of organic waste and its contami-
nation, and reuse refers to practices that reuse organic waste as it is, when possible.
When materials are not safe for direct reuse, recycling allows the creation of new
products (compost, biogas production). Beside volume reduction of waste and en-
ergy recovery, incineration is considered a less attractive option due to high C & N
losses and reduced P availability in the ash. Finally, disposal is the less favourable
option, if the other options cannot be implemented (McConville et al., 2015). These
principles are in line with the prioritization approach of Papargyropoulou et al
(2014) presented in following Figure 2 and the CE concepts discussed earlier in the
introduction, which will be further explained in the following chapters.

2.2.2 Application of hierarchical concepts at the input stage

The argument of Muscat et al. (2020) is to achieve an effective use of biomass,
rather than focusing on efficiency (narrowing, slowing) alone. This follows the
principle of the “hierarchy of considerations”, which involves prioritizing the use
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of biomass with respect to the surrounding biophysical limits and human needs
(Fischer et al., 2007).

Effective use of '
biomass

Circular Principles

1. Use resources for food first

2. Avoid losses and wastes and recycle back into
system

3. Use livestock to valorise biomass

=m.

) 4

Influencing factors

e.g. Bioenergy demand, Crop
yields, Human Diets, Land Use
Policy

Available Biomass

A

Production Resources

Land Capital
Water Labour

Figure 1. Framework for circular biomass use that prioritizes food production over feed production
and at last bioenergy production (Source: original illustration from Muscat et al. (2020))

The highest priority for biomass consumption should be for food for humans, as
food security is the highest priority (Muscat et al., 2020). This principle also applies
to related resources such as land, water, capital, and labour. Similarly, by-products
and food waste should be used first as food, if possible, and only if inedible for
humans as feed, and finally as a bioenergy source (Muscat et al., 2020).

In the European context livestock consumption plays a key role in circularity
(Koppelmiki et al., 2021). Nevertheless, land use efficiency of livestock production
is an ongoing open debate, which has different outcomes depending on the metrics
used to evaluate its impacts for future food security and the environment.

In fact, by modelling environmental impacts, reducing meat consumption by
only 50% would result in a 40% reduction in N pollution, a 25-40% reduction of
GHGs, and an increase in cropland availability for more crop production (Westhoek
et al., 2014). However, some authors argue that marginal land used for crop pro-
duction and not grazing animals, will be less efficient in sourcing human edible
protein (Van Zanten et al., 2016). Particularly on marginal land that is too steep or
not fertile enough to sustain crop production, ruminants have great potential to uti-
lize low-opportunity-cost biomass that is not suitable for direct human consumption
(grass, crop residues, by-products from the food industry, or post-consumption
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losses and waste), generating also local organic fertilizer (manure), promote grass-
land conservation without the use of machinery, and deliver high-value food prod-
ucts (Muscat et al., 2020).

In Austria, Germany, and Denmark, crops such as silage maize are becoming an
attractive feedstock source for biogas production due to their high methane yields,
nevertheless restrictions due to feed-food competition are expected to limit this
trend in the future, prioritizing the use of crop residues and organic waste streams
for bioenergy (Scarlat et al., 2018). Some studies recognize the potential of Mis-
canthus as an alternative crop for direct biogas production, which seems to be a
suitable alternative on less productive marginal soils, ensuring better C sequestra-
tion and not interfering with food production (Tavakoli-Hashjini et al., 2020). How-
ever, in the literature there seems to be no agreement on what the best use of mar-
ginal land would be, if it were to be used for livestock grazing, biofuels, or even
rewilding purposes (Muscat et al., 2020).

Consuming nutrient rich materials produced outside the EU always has environ-
mental and social impacts elsewhere. Phosphate-containing mineral fertilisers are
imported virgin resources extracted through mining activities, causing external/in-
ternal environmental impacts, and ultimately contributing to the depletion of a finite
resource (Reijnders, 2014).

Imported virgin mineral fertiliser does not meet any of the CNE objectives. On
the other hand, imports of sewage sludge, composted biowaste, and chemical recy-
cled sources, are products that address regeneration, reuse, and up-cycling. There
are good reasons to argue that importing recovered nutrients in any form to a nutri-
ent depleted region should be prioritized, while importing recovered nutrients to
regions with high nutrient stocks in farmland should be less encouraged.

2.2.3 Application of hierarchical concepts at the output stage

Reducing losses and waste generation are essential goals in CNE. At this level,
improving resource-use efficiency by coupling cascading biomass use, waste man-
agement, and consumption reduction are fundamental actions to be addressed
(Muscat et al., 2020).

At the post-consumption stage, it has been proposed to address the prevention
and management of food waste to ensure sustainability by approaching the problem
with a prioritization approach (Papargyropoulou et al., 2014). Various types of
losses occur along the Food Supply Chain (FSC) between harvest, processing, dis-
tribution, consumption, and disposal. Ishanguluyyev et al. (2019) coined the term
food loss and waste (FLW), which is the sum of food loss (FL) and food waste
(FW). FL is defined as the reduction in weight of food products during production,
handling & storage, and processing, which can be caused by inefficient supply
chain management, safety standards, or environmental factors.

Food waste is defined by Ishangulyyev et al. (2019) as losses occurring during
final distribution and consumption stages. An important distinction is between un-
avoidable and avoidable FLW: the former consists of inedible parts (bones, vege-
table peels, etc.), while avoidable food is material that could have been eaten or
used at some point in the FSC (Ishangulyyev et al., 2019).

Human excreta in this context are considered as unavoidable FLW, given also
the reframing efforts found in literature (Harder et al, 2020).

17



In their hierarchical approach, Papargyropoulou et al. (2014) introduce the con-
cept of food surplus, which is edible food that should be either reduced or reused,
and food waste, which can be avoidable or unavoidable, the former can be pre-
vented or recycled, while the latter can be upcycled as feed first and otherwise
downcycled for material and energy recovery (Figure 2).

Fit for human consumption

Food -
Prevention
Avoidable Animal feed
food waste
Recycling

Composting

Animal feed
Recycling <

urplus becomes

<

waste when it
becomes inedible

Food waste

Unavoidable
food waste

Unfit for human consumption

Figure 2. Food surplus and waste framework from Papargyropoulou et al. (2014). Green shades
reflect the most favourable option, red the least favourable (adapted illustration by Alan Gerster)

High meat and high calorie diets in high-income countries require larger areas of
land and are therefore considered a key factor in the competition between food,
livestock feed and biofuel production (Zasada et al., 2019). For this reason, at the
European level, two important goals in line with CE principles are to reduce animal-
sourced foods and calorie consumption in general (Muscat et al., 2020).

There are also still major policy differences between EU countries on how to regu-
late sewage reuse. For example, the use of sewage sludge on agricultural land is
fully prohibited in Switzerland, while it is legal in Denmark, Sweden and Germany
in respect to certain threshold values (Johansson & Krook, 2021). There are studies
that argue that there are no serious risks associated with the application of regulated
sewage sludge to farmland (Magid, et al., 2020), others argue that, even if
parameters are in line with local regulations, there is no guarantee that hazardous
substances have been fully eliminated when applying sewage sludge (Linderholm,
et al., 2012). Increasing the number of pollutants monitored does not seem to be
efficient either; the use of 10-15 selected substances as contamination indicators is
common practice in Europe, with Sweden introducing the REVAQ certification,
which monitors up to 60 substances. However, despite more analysis investments,
Swedish farmers remained sceptical about the unaddressed “cocktail effects” of
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sludge reuse (Johansson & Krook, 2021). Moreover, sewage sludge itself is not
consistent with a critical CE goal of “ensuring that biological materials remain
uncontaminated and biologically accessible” (Goddin et al., 2019), which empha-
sises the need to avoid contamination via mixing of materials rather than promoting
contaminant removal technologies.

The use of organic waste that originates from a separate collection system is
allowed in organic farming in Germany according to the Regulation EU 2021/1165
and if the heavy metal and external materials limits according to the guidelines of
Bioland and Naturland are compiled (Gottschall et al., 2023). Nevertheless, as for
sewage reuse, the risks associated with unseen contaminants still exist and unpre-
dictable “cocktail effects” are a serious concern if composting practices are to be
upscaled and established in the long term (Isenhour et al., 2022).

The production of struvite from sludge of WWTP, being of mineral nature, does
not add organic matter to the fields, but it does recover nutrients from a waste
stream, addressing reuse, value-added products, and safety goals. However, miss-
ing soil conditioning benefits of struvite recycling can be argued to have a negative
contribution to CNE practices, even though it is characterised as a safe fertiliser
(Nagy, et al., 2019), making it difficult to classify struvite benefits from a hierar-
chical perspective. In this study it is suggests that closing nutrient cycles on agri-
cultural land by regenerating with the addition of C-rich substrates should be prior-
itised over recycling pathways by reused chemical fertilisation alone.

Unavoidable food waste, if not fed to animals or composted, can be digested to
recover energy. These materials should be from sustainable production, uncontam-
inated, and become beneficial to the ecosystem in which they are reintroduced
(Goddin et al., 2019). If all other options are not possible due to contamination,
incineration remains as last energy recovery strategy which is in accordance with
CNE principles.

2.2.4 Nutrient recovery technologies

Technological solutions for processing organic waste or by-products into new fer-
tiliser products are gradually becoming more widespread (Valve et al., 2020). In
some cases, the technologies can be cascaded, but they can also be operated indi-
vidually. As reported by Valve et al. (2020) the four major categories for nutrient
recovery technologies are physical, biological, thermal, and chemical (Table 1).

Beside biogas production, AD presents supplementary advantages compared to
the other technologies. In fact, the output material (digestate) contains a higher
share of NH4" (Valve et al., 2020) than the input waste material. Ammonium is
therefore more available to plants and less likely to leach into groundwater. In ad-
dition, digestate can be further separated and concentrated into liquid and solid frac-
tions, which would allow the application of additional technologies such as ammo-
nia stripping, or membrane technology, contributing to the production of various
types of fertiliser products, while in the end also producing solid biomass rich in P
for land application (Valve et al., 2020).

The main advantages of nutrient recovery are organic waste volume reduction,
by separating into liquid and solid fractions, and the elimination of hygienic risks
(Valve et al., 2020). Especially in biological treatments (Table 1), recycled nutrients
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bring the greatest potential as soil conditioning (Valve et al., 2020). All technolo-
gies require appropriate processing infrastructure, storage, and application meth-
ods. This is especially due to N and its volatile nature. For this reason, closed sys-
tems are recommended to prevent major N-losses (Valve et al., 2020).

There is an increasing interest in chemical nutrient recovery as well, such as P-
recovery from ash from incineration plants or struvite removal from wastewater,
particularly because it is more efficient in overcoming barriers posed by the risk of
pathogens from animal carcasses or sewage sludge. However, this approach has
been criticized for compromising the return of organic matter that serves as a C sink
in agriculture, which could affect soil quality and resilience in the long term (Yuille
et al., 2022).

Table 1. Processing technologies for nutrient recovery (modified from Valve et al. (2020))

Category | Technology Purpose N-fate P-fate “Soil benefit
Mechan‘lcal \Lguidl Eretton Sphd frac- 0
separation tion
| O Risk of N-volati- .

. . / o Solid frac-
Physical ing and con- .o lisation (open . 0
. liquid tion
centration . system)
separation
Membrane

ol Chemical separation —

. Biomass stabilisation | LSk Of N-volati- Composted
Composting . lisation (open . +
& sanitation biomass
system)
Biological - —
Anaerobic di- Blomasslsta.blllsa- Increase of share | Retained in
. tion, sanitation & en- . +
gestion (AD) - of N-soluble biomass
ergy production
Pyrolysis, el i
JrOYSIS, Reduction of water N-capture re- perature re-
Thermal gasifi- .
Thermal Lo e content, energy pro- quired before duces P- 0
cation, incin- . . . .
. duction drying biomass available
eration
for crops
Ammonia .
stripping, stru- Reconditioning the Inorganic N Inorganic P
Chemical | */'PPU& S0 biomass for further 5 s -
vite crystallisa- . product product
tion processing

*the output materials can have a soil conditioning contribution and for each technology this aspect has been represented
as positive (+), negative (-) or neutral/unknown (0)

2.2.5 Upstream contamination of organic waste

If organic waste is to be valorised and recirculated, it must be done without con-
taminating the receiving ecosystems. In developed countries waste recyclers work-
ing in biogas or composting plants are responsible for the technical processes and
the quality of the final product, but these facilities have limited resources to control
bioaccumulation of contaminants along the food chain. Composting and digestion
plants are typically more preoccupied with visible impurities such as plastics, glass,
and any kind of physical scraps, while only a minority of these facilities is con-
cerned with the invisible contaminants such as preservatives, herbicide residues,
per- and polyfluoroalkyl substances (PFAS), microplastic, and antibiotic resistance
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genes (ARGs), which can accumulate on farmland if used as soil amendments
(Isenhour et al., 2022).

The responsibility for providing safe organic fertilisers shifts along the farm and
the food processing systems down to the consumer stage, where producers and con-
sumers have the power to make important decisions about the materials and chem-
icals used which will accumulate further downstream (Isenhour et al., 2022). Do-
mestic wastewater from densely populated urban areas is also usually mixed with
industrial wastewater, stormwater (microplastics from roads), and greywater (de-
tergents, heavy metals) resulting in high levels of various contaminants in the
sludge. One way to better recover nutrients from wastewater flows, for example, is
to have source separated systems of human excreta which have less contamination
originated from greywater streams (McConville et al., 2015) and would therefore
offer more safer reuse and recycle of organic residues.

2.2.6 Regeneration and restoration in CNE

Regarding regeneration and restoration there is currently no agreement on how to
define it in the context of CNE (Morseletto, 2020).

Restoration, according to Morseletto et al. (2020), refers to an economy that
should use natural capital by promoting the return of resources to a previous or
original state. What is meant by pristine is unclear. One could restore agricultural
land as it was before the introduction of industrial mineral fertilizers, when only
organic nutrient sources were applied (Koppelmaki et al., 2021) or by rewilding
parts of agricultural land, although negatively affecting regional food production.

On the other side, regeneration has been defined as a category of practices that
promote fertility of agricultural land, recover productive sites form disturbances
and rebuild over-exploited ecological and agricultural functions (Morseletto, 2020).

Biologically treated organic waste (AD sludge, compost), in contrast to inor-
ganic fertilisers, have the potential benefit of producing a soil conditioner for humus
formation that can be applied on agricultural land (Hermann, et al., 2011). Which
is, together with atmospheric C sequestration, an important goal in biological sys-
tems according to CNE definition in biological systems.

One last aspect is the safety and compatibility of materials. Morseletto et al.
(2020) support the idea that in the ecosphere the reintroduction of biological mate-
rials from CE into complex ecosystems should follow strict protocols that ensure
compatibility and toxicity. The authors suggest the idea that the guidelines and
standards of restoration ecology should be aligned with the goals of CE, both con-
cepts still in their infancy.

2.2.7 Biomass use

Since biomass is a limited renewable resource and the shift away from fossil fuels
will boost biofuels consumption, agricultural soils and biodiversity conservation
are likely to come under pressure (Haas et al., 2020).

Given the growing demand for biofuels, especially in Germany which has the
highest number of biogas plants in Europe (Scarlat et al., 2018), it is likely that
biomass will increase in value. Because of this, even greater attention should be
paid to safeguarding primary resources in accordance with natural cycles (Muscat
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et al., 2021; Zabaniotou et al., 2018). This includes protecting biodiversity by set-
ting a global zero-deforestation target and restore degraded soils by applying bio-
diversity-enhancing practices such as crop rotation, agroforestry, or organic farm-
ing (Muscat et al., 2021).

2.3 Literature summary on circularity indicators

In the literature six articles were found that specifically applied self-developed cir-
cularity indicators, which are presented in Table 2.

The most common indicator is Circularity (C), which was used in many ways in
the selected studies (Tabel 2). In their scenarios Tanzer et al. (2020) evaluated the
impact of reducing system demand, increasing recovery, and reducing emissions.
Tanzer et al. (2020) adapted the circularity indicator, which they conclude is well
suited to measure the increase or decrease of recycling activities for the entire Aus-
trian nutrient system.

Cobo et al. (2018) developed a circularity indicator that is based on the amount
of material (i) entering a given recycling process (j), the amount of (i) lost during
this recycling process and the final amount of (i) present in a new production pro-
cess (k) (Table 1). In this conceptualisation of Cobo et al. (2018), the recycling
aspect (j) and the recirculation aspect (i) are integrated in one formula. This con-
ceptualization is the most common, that is like the MCI (Material Circularity Indi-
cator) developed by the EMF for the micro level (EMF, 2015).

Other studies decided to assess circularity in three areas: city self-sufficiency,
food system perspective and open-loop recycling (Papangelou et al., 2020). The
authors used the City Circularity (CC), Food Circularity (FC) and Weak Circularity
(WC) (Table 2), which is an attempt to expand the analysis depending on the level
of the system boundary.

Some authors decided to separate the rural from the urban areas: Harder, et al.
(2021) used the Input Circularity (IC) to measure the proportion of crop removal
that can be achieved by nutrient cycling on the farm. Similarly, Papangelou et al.
(2021) use the so-called Secondary to total input (%), which is used to calculate the
amount of recovered material to the productive subsystems of agriculture and food
production. These two Input Circulatory indicators are not applicable at the waste
management subsystem at the output stage.

Concerning the system output, the recycling concept is largely addressed in the
indicators of Table 2, which shows that nutrient circularity assessments have fo-
cused intensively on the recycling efficiency of the total organic urban waste (Kop-
pelmaiki, et al., 2021).

Harder et al. (2021) used the “recovery efficiency in organic residuals”, consid-
ering all possible recovery options by using the Output Circularity (OC), which
measures the proportion of nutrients that are recycled from the waste management
facilities. Papangelou et al. (2021) did similar by applying the recycling rate (RR),
as it was also the case for Food, City and Weak Circularity of Papangelou et al.
(2020), and more generally it also works with the approach of Tanzer et al. (2020)
with the Circularity indicator.
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Table 2. Circularity indicators of six specific study cases evaluating macro nutrient circularity.

Indicator Definition Unit Source
City Circularity P reused within the city %
Total P input
Food Circularity P reused or reusable in agriculture % flpirt)zrllgelo
Total P input 2620) N
Weak Circularity P reused %
Total P input
Circularity (C) Recirculated waste (EOL+BP) * 100/ Throughput ~ 0-100 (0 = linear, 100
(ST) = circular) (Tanzer &
H, — H, 0-100 (0 = no changes ~ Rechberger
SCE SCE = — 100 in entropy, 100 = pure > 2020)
1 mass flow)
System openness  Nu in org. residuals / Nu removed by crops (inter-
nal or external SB)
Nu self-reliance Recirculation to the food system, or crop removal < :
) ; 1 (nutrient deple-
(Input circularity)  (internal or external SB) ( tion) P ;Ilrla;c(l)e;ri )et
Recycling rate Recirculation from the WM (internal or external >1 (nut;le.nt accumu-
(Output circular-  SB) o)
ity)
Biomass produc-  Protein production (kg ha’') in relation to con- %, Gg flows
tion for food sumption (kg), connection to national and global
scales
Biomass produc-  Feed self-sufficiency (FSS), regional feed surplus %, kg ha'! (Koppelmi
tion for feed ki, er':r;l,,
Biomass produc-  Biogas production potential compared to energy MWh ha! 2021)
tion for energy consumption of farms and mineral N manufactur-
ing
N cycling Agricultural field balances, shared of recycled N N kg ha'!, %
Total Input Sum of all inputs into the subsystem Kg P/cap*a
P Use Efficiency Products / Total input %
(Papangelo
Secondary to to-  Secondary input / Total input % u&
tal Input Mathijs,
2021
Recycling Rate Reused flows / Total waste generated % )
Losses Emissions & Losses / Total input %
Cli I - Yk=1 Lj=1 Rijklr, Mpy,
L w;
2 (1 =total i is entered in a new consumption pro- Values (0 - 1)* Cob
cess, 0 = total i not recovered (incineration/land- (Cobo, et
fill)) al., 2018)
LCA CI; integrated with GW, ME, and FE

{Ci max, LCAmin}

Abbreviations: WM = waste management, LCA = life cycle assessment, EOL = end of life material, BP = by-products of
production processes, ST = sum of: extracted raw materials + environmental deposition/extraction + consumption deposition
+ net import (raw material + goods) + waste, SCE = Substance Concentration Efficiency, H = statistical entropy in the first
(1) and final (4) stage (input, production, consumption, waste management) (Rechberger & Brunner, 2002), CI;= Circularity
indicator of component i, W;= amount of i in waste (kg), R;j= amount of i that enters recycling process j, Ny = recycling

efficiency of process j, 11, = efficiency of production process k of incorporating i in a new consumption subsystem, GW =
global warming, ME = marine eutrophication, FE = fresh water eutrophication.
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Harder et al. (2021) used the indicator System Openness, as “the degree to which
nutrients removed from agricultural land in one place make their way into organic
residuals in another place” to expand the analysis of nutrient circularity by includ-
ing imports and exports of commodities and fertilisers into and out of a defined
geographic area to the main nutrients hotspot subsystems: production, consump-
tion, and waste management (Harder et al., 2021). According to Van der Wiel et al.
(2019), these subsystems are crucial when assessing circularity. They broke this
down further into the following categories: crop production, livestock production,
food and feed processing, consumption, and waste management.

To track the sites of production and consumption relative to the system boundary
(SB), Harder’s et al. (2021) framework breaks down the nutrient flows into 9 path-
ways of unique combinations, which can be either outside (EXT) or inside (INT)
the SB. One path, for example, is agricultural land, livestock production and final
food consumption that occur entirely within the system boundary, which would be
the most localised pathway option (INT - INT - INT). Another more globalized
path-example is external feed imports to feed local livestock combined with export
of the animal products for consumption in another region (EXT - INT - EXT).

Koppelméki et al. (2021) used the N cycling indicator to measure the field bal-
ances, or similarly Papangelou & Mathijs (2021) used the Losses indicator to assess
process efficiencies. A newer approach was designed by Tanzer et al. (2020), which
applied the substance concentration efficiency (SCE) indicator, which measures the
degree of dilution or concentration of a substance. Dilution typically refers to emis-
sions or mixing of materials, and concentration refers to collection or recycling.
They conclude that SCE is well suited for assessing emissions, the reduction of
material inputs, and changes in process efficiencies.

At the production side, Harder et al. (2021) used “the nutrient use efficiency in
primary production” (net crop removal and fertiliser requirements) as an indicator
for biomass production. Of particular interest is the distinction of biomass use into
food, feed, and energy by Koppelmaiki, et al. (2021), which also integrates the EMF
principle that energy recovery is considered as the lowest form of circularity (God-
din et al., 2019), but plays an important role in the future contribution of fossil-free
energy sources.

2.4 Addressed conceptual gaps for Cls development

To efficiently assess the nutrient circularity of a region, a set of specific indicators
is needed (Moraga et al., 2019). First, in the context of agri-food-waste systems,
ClIs should measure the progress towards CNE goals and present the extension of
the linear flows in contrast to the circular flows (Moraga et al., 2019). Second, the
circularity indicators for the macro system should consider the type of agriculture,
whether intensive or extensive, and the context, whether urban or rural (Aznar-
Sanchez et al. (2020). Third, sustainability indicators must be additionally inte-
grated to measure the impact of CE on the SDGs (Aznar-Sanchez et al. (2020).To
understand nutrient flows on a large scale it has been suggested that an appropriate
way is to conceptualise the flows interaction between the ecological and societal
components to understand the internal, and external material flows and ways to
improve their impact on sustainability (Harder et al., 2021).
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2.4.1 Recycling

As Table 2 shows, CIs in agro-food-waste systems are currently well established to
address aspects of “closing” (Recycling Rate, Circularity) and “narrowing” (Effi-
ciency, minimize losses).

Recycling is an important principle within CE. But circularity of nutrients is not
achieved by recycling alone (Pires & Martinho, 2019). Especially for the waste
management sector, for example, recycling rate (RR) does not address nuances of
upcycling and downcycling measures (e.g., value-added products, cascading of bi-
ological materials), and recycling is often limited to information about recycled
material without further details concerning the final use of recycled materials.
These limitations have been therefore criticized of not being holistic enough (Pires
& Martinho, 2019).

As is the case for the flow “recycled waste” used in the CI of study of Tanzer &
Rechberger (2020) (Table 2), a clear qualitative distinction between the fate of its
flows is not given, even though knowing if the materials have been upcycled or
downcycled is key for CNE goals.

2.4.2 Subsystem circularity rather than system circularity

Tanzer et al. (2020) adopted Circularity although a distinction of production pro-
cesses has not been done, merging livestock production with crop production. Pro-
cessing of feed and food subsystems was also not included. In their method, the
circularity indicator only accounts for recycled materials over all the system (sys-
tem throughput), without differentiating between urban waste management and or-
ganic waste generated at the farm level.

The distinction of three circularity indicators of Papangelou et al. (2020) (Table
2) shows that the location and agricultural processes where nutrients are reinte-
grated into the system is influencing the overall circularity. Theoretically, higher
circularity would be expected if production processes of urban food would be in-
tensified, especially soil less practices such as urban gardening, vertical gardening,
backyard chickens, or aquaculture.

2.4.3 Scarcity in biological systems

Another missing aspect is the regional biophysical constraints determined by soil
fertility, climate, and water availability that limits biomass production. According
to the EMF, there is no metric to define the scarcity of biological materials (Goddin
etal., 2019). As also Liobikiene et al. (2019) proposes, three criteria to be measured
at the environmental dimension which are: I) overall contribution of bioeconomy
to the reduction of environmental impact, II) at the supply side the “biocapacity’:
the consumption and potential availability of biomass, and last III) at the demand
side: the “land footprint” of bioresources consumption.

No clear definition of “sustained production” of biological materials was found
in the circular economy concepts either, although various indicators can be used for
this scope depending on the material being produced; no agreement has been found
on which indicators work best (Goddin et al., 2019).
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2.4.4 The context specific role of livestock production

Koppelmaiki et al. (2021) argue that circular food production should be based on
local resources and that “the capacity of producing feed determines the scale and
intensity of livestock production”. The cases listed in Table 2 do not consider the
impact of the scale of livestock production and the regional capacity to uphold live-
stock production. The assessment of the balance between animal sourced food pro-
duction and land capacity to sustain it is clearly lacking in the summary. Its im-
portance is well explored by a study which found that coupled systems were found
to be nutrient efficient when straw waste was used as animal feed and a specific
number of livestock density (15 pigs ha™') met the nitrogen demand of 75 kg N ha’
! required by a specific livestock associated crop cultivation (Jin et al., 2020). In
this example fewer pigs meant the need to apply other sources of nutrients such as
synthetic fertilizers, but more pigs meant environmental losses or manure transpor-
tation to neighbouring farms if not landfilled. At the regional level, Jin et al. (2020)
concludes that relocating livestock according to cropland production would reduce
transportation costs and promote nutrient circularity.

If the agroecological constraints are not respected and reallocation of livestock
is not chosen as a strategy, Papangelou et al. (2020) point out that excess manure
production of regions with intense livestock must either be exported or incinerated.
In such a scenario, their suggestion is to identify possible sites for the reuse of ma-
nure out or in proximity of the system boundary.

When considering manure use it is also required to better understand its flows
within the system boundary since often mass flows are estimated based on livestock
units, but in literature so far it is rarely specified how much is safely collected in
stables and how much is unavailable, that is left on the grassland.

2.4.5 Toxicity and regeneration assessment

The EMF states that recycled materials must be non-toxic according to recognized
standards and compatible to the environment of application (Goddin et al., 2019).
However, toxicity assessment did not play a central role in any of the studies listed
in Table 2. For example, Tanzer et al. (2020) did not measure effects on regenera-
tion, or safety of materials.. Cobo et al. (2018) assessed the global warming and
eutrophication potential which measure impact to the environment, but do not focus
on material safeness for human health.

Poponi et al. (2022) identified the human Toxicity Potential Indicator to be used
in the context of agri-food-waste to assess contamination, but no practical example
of how to apply toxicity to the whole system was found in the review (Table 2) and
this was identified as a major gap in the literature across all the stages of production
and consumption processes.

Regarding regeneration, a clear objective of the CE principles, it has not been
considered in the studies of Table 2. This might be explained by the fact that regen-
eration is a qualitative aspect that, by definition, does not fit into the performance-
based indicators of Table 2 (e.g., circularity, recycling rate).
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3. Methods

This section describes the methodological approaches used to address research ob-
jectives: 1) further development of circularity indicators for regional nutrient MFA,
and 1i) regional system application of the developed set of indicators. From what
has been learned from the conceptual gaps found in literature, in this study it has
been recognized that macro-level Cls are predominantly either performance-based
indicators and less focused on CNE objectives.

Circularity is not easy to measure at the system level and it is advised to focus
on each subsystem (Van Der Wiel et al., 2021). Both the recycling and recirculation
fractions should be also measured by different indicators; the secondary use in ag-
riculture, or Input Circularity, and for recirculation from waste sources the Output
Circularity, following Harder et al.’s (2021) definition.

In this thesis it was decided to focus on the Output Circularity, focusing solely
on the system outflows. The theoretical framework of chapter 2 allows to deduce
following criteria that are going to be addressed for developing circularity indica-
tors at the regional level:

Criterium 1

Recycling or reusing are concepts that according to the CNE definition, need a clear
ranking system that must be respected (4R framework), which promotes some strat-
egies over others (reduce over reuse, reuse over recycle, etc.). Indicators from the
literature summary are failing in addressing these important differences, for exam-
ple by not differentiating between value added products or prioritization of food
production over energy production.

Criterium 2

Clarifying the agricultural/regional context (intensive/extensive), the soil potential
and biomass production limits of the region, the level of livestock-crop connectiv-
ity, and the global interdependence of the region (system openness), all these as-
pects determine the regional specific CNE goals to be addressed.

Criterium 3

Indicators should also be able to address toxicity and regeneration at all system
stages. This will provide a qualitative measure of whether processes are safe and
regenerative from the farm to the consumer and back.
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3.1 Developed analytical framework

3.1.1 Hierarchy analysis framework for regional CNE

To support the circularity indicators development approach of this study, crucial
requirements of CNE found previously in literature are considered and listed in Ta-
ble 3. The CNE requirements are then translated to apply to P flows, given that in
this project it was decided to use P as the reference nutrient to explore the goals of
CE in biological cycles. Table 3 addresses the 4R framework, which is related to
criterium 1. The objectives (OB) listed in Table 3 present a short description, which
is a summary of the objectives derived from the theoretical concepts of CNE from
various sources.

Table 3. Objectives of CNE in agro-food-waste nutrient cycles. (OB = objective). An interpretation

was given from the P-perspective.

OB  Description Sources Strategy ~ Applied on P

1 Virgin Input: Reduce input 1;4 Reducing Reduce food consumption, reduce
of virgin resources use of mineral fertiliser. When

possible, use organic or recycled
sources

2 Losses: Minimize losses by 1;2 Narrow-  Increase efficiency in agricultural
increasing resource effi- ing processes and waste management,
ciency and reduce waste reduce losses to the environment

3 Reuse: Increase reused / re- 1;2;3;5 Closing  Increase reuse of P by-products
cycled materials (edible food waste, crops for ani-

mal consumption)

4 Value: Maximise value, util- 1;2; 3;4; Slowing  Cascade materials into new P-
ity, and durability of prod- 6 containing organic products be-
ucts, maximise resource out- fore incineration or landfill (di-
put gestate, composting, bio polymers,

BSF protein production),

5 Regeneration: Limited by 1;2;3;5 Regener- Maintain ecosystem and agricul-
regeneration rate of natural ation tural functions, soil conditioning
systems and seasonality, pre- with organic matter, ecological
serve the biological function farming to promote biodiversity

6 Safety: At the end-of-life bi- 1;2;4;5; Regener- Waste fraction containing P
odegrade and safely returnto 6 ation should return safely, non-toxic,
the natural ecosystems, rede- and hygienic back to natural and
sign products and waste agricultural systems. Address tox-

icity of P-products from produc-
tion to consumption stages

7 Eutrophication: Reduce en- 1;2;5 Narrow-  Reduce P eutrophication in water-
vironmental impacts ing bodies (effect of OB 2)

8 Energy: Recover embodied 3 Slowing  If'toxicity does not allow reuse, be-

energy (biogas, incineration,
landfill gas capturing)

fore landfilling, energy recovery of
waste fraction containing P should
be prioritized

!'(Navare, et al., 2021); 2(Velasco-Mufioz, et al., 2021); *(Moraga, et al., 2019); 4(Kusumo, et al.,
2022); 3(Aznar-Sanchez, et al., 2020); %(Vert et al., 2012)
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Table 4 instead shows the strategies for each subsystem that could be implemented
to promote CNE (adapted from McConville et al. (2015)). Regarding CNE strate-
gies, green indicates safe and source-separated materials, while red denotes mixed
and possibly contaminated materials (Table 4). Some studies (Cordell et al., 2012)
merge crop and livestock production into agriculture, but due to the impact of live-
stock on circularity as presented before, it is important to keep these subsystems
separate (Table 4). Specific performance indicators for each strategy to measure
progress are desirable but may vary by region due to differences in soil type, his-
torical agricultural context (livestock or crop intensive), the industry, urbanization,
and population size.

For the development of circularity indicators Van Der Wiel et al.’s (2019) five
key subsystems were used: crop production, livestock production, food and feed
processing, human consumption, and waste management.

The proposed hierarchy analysis framework (Table 4) allows to track relevant
areas in CNE from an intrinsic perspective. This is in accordance with Vural Gursel
et al. (2023), which proposed to focus on two distinct categories: intrinsic and im-
pact areas with respect to the CNE principles.

As acquired from the literature summary, CNE is based on strategies known as
reducing, narrowing, closing, slowing, and regenerating (Velasco-Mufioz, et al.,
2021; Morseletto, 2020). Reducing food waste and consumption by changing diets
in high-income countries to a healthy level of nutritional needs (Papargyropoulou
etal., 2014), are recognized as essential strategies to avoid waste at the consumption
stage (Muscat et al., 2021). At the production stages, according to Velasco-Mufioz
et al. (2021), narrowing should refer to practices that aim to use resources more
efficiently to avoid nutrient leakage. Furthermore, closing stands for the reuse of
agricultural materials, such as feeding livestock with crop residues. Closing is a
strategy like cascading, a synonymous term from CE concepts, where biological
materials go through multiple uses before becoming non-toxic organic unavoidable
waste (Morseletto, 2020). Slowing in nutrient cycles means, for example, extending
the lifetime of food through preservation alternatives (Velasco-Mufioz, et al., 2021).
Similarly, to preserve the biomass as long as possible, inedible organic waste such
as faeces or food waste can be upcycled by insects (e.g., Black Soldier Fly), rather
than being composted or digested for energy recovery.

Particularly in agriculture, the mentioned strategies overlap between themselves.
This means that the implementation of one strategy affects the outcome of another:
where, for example, reducing biomass extraction influences strategies for closing
local nutrient cycles, since reducing resource consumption indirectly leads to less
production of waste streams (Velasco-Muifioz, et al., 2021).

In the hierarchy analysis framework (Table 4) natural constraints and intrinsic
flows are considered, especially aspects of regeneration (Navare et al., 2021),
value-added prioritization (Velasco-Muioz et al., 2021), closing and cascading of
biomass (Navare et al., 2021), hazard substances bioaccumulation (McConville et
al., 2015), and agricultural land use competition (Muscat et al., 2020).

The framework of Table 3 allows to integrate qualitative aspects (Aznar-
Sanchez et al., 2020), while also including a hierarchy perspective.
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Table 4. The hierarchy analysis framework for CNE strategies of a typical regional nutrient econ-
omy summarized for each subsystem (modified from McConville et al. (2015)).

ubsys-
tem . Food and
Pri- | Crop Livestock feed C " Waste
ority | production production ee q onsumption management
CNE processing
strategy
e Recouple LK with crop pro-
o [Improve duction
j; f‘jr‘itzilezrf:y ¢ fé;g:ci)]}(mze with local ML e Reduce OW|e Reduce OW |e Reduce OW
i ducti ducti ducti
e Reduce min-|e Restrict ENC to ML sur-| Focuction production production
. o e Avoid harm-|e Reduce ASF |e Prevent
eral / chemi-| plus, avoiding LK resource . .
Reduce cal commetition ful chemicals consumption upstream
L. P . e Limit nutri-|e Buy less contamination
applications | e Reduce nutrient . .
O ents in food oods  with|e MAX separate
o MAX rich feed imports ’ 8 P
regencrative | o MAX additives additives OW streams
farming regenerative
farming
. o Reuse manure on local|® Reuse nutrt- .
® Reuse residu- e ent rich | e MAX OW ® Reuse organic
Reuse fields, if in excess export to . . .
als for fodder . . waste for separation rich materials
neighbouring farms
food / fodder
e Convert to
new bio-
chemicals ¢ ﬁ)DfaErﬁz
e Crop residu- e ADER e Buy more o ADER
Recy- a‘ls AD ER to e Manure AD ER to farmland fo farm recovef’gd / to landscape
1 Sfarm e R locall e ADER organic items . C .
cle e Crop residu- euse manure focaiy to landscape | e Recycle OW loo;:ilf rzs
als to the soil o Compost at home :
0 farm e Compost
o Compost to landscape
to landscape
e Convert to
new bio-
chemicals ¢ ;i?’aErZ
e Residuals AD * fj}f;ﬁ o ADER
Recy- ER to farm : to landscape
le e Residuals to| * ADER ; o Compost
¢ the soil ol e to fafm
o Compost
Y e Compost
o Compost to landscape
to landscape
InCll'l- ) B o ER - e ER
eration
Dis-
p;Zal : - o Landfill - o Landfill

ENC: energy crops; LK: livestock; ML: marginal land; OW: organic waste; MAX: maximize; ASF: animal

sourced food; AD: anaerobic digestion; ER: energy recovery
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3.2 Development of a new set of circularity indicators

For all four biological regions under study, the 4R framework is applied to better
understand sustainable nutrient management. This should give a figure of how well
regions are reducing virgin sources, minimizing losses, and increasing reuse prac-
tices. In material reuse, cascading (up- or downcycling) is achieved by prioritizing
organic waste material integrity over reuse practices where biomass degrades more
rapidly. AD energy recovery from organic waste streams should be enabled, if tech-
nically and economically feasible, and especially prioritized over incineration and
disposal. The hierarchical concepts which are integrated in the Phosphorous Output
Circularity Index (POCindex) evaluate circularity performance by giving an ABCD-
class score that figures the system performance in reducing, reusing, maximise or
minimize nutrient use, while additionally also evaluating safety, energy benefits
and transportation costs. This indicator has been deemed necessary to develop,
given that regional assessments should be able to simplify complex systems into
manageable information (Saidani et al., 2019) and because Circularity should be
prevented from becoming a synonymous term for Recycle (Pires & Martinho,
2019). In addition to POCindex, the regeneration of agricultural and natural capital
has been addressed (organic P input share), and overproduction limited (SLUGev).

3.2.1 P Output Circularity Index (POCingex)

The first indicator proposed in this study is the POCindex Which, is inspired by the
formula of Pires et al. (2019) and gives a final score to the waste management
subsystem in form of classes ranging from A to D. The attribution of a class
expresses, according to the objectives of CNE in agro-food-waste nutrient cycles
(Table 3), how positive or negative the P-organic waste flows after consumption
are reintroduced in the agri-food-waste system. The goal of POCindex is to assess
following six CNE objectives:

1. Safety: the degree of separation from technical contaminated cycles (Isen-
hour et al., 2022)

2. Loop: the efficiency of farm versus landscape cycling (Navare et al., 2021),

3. Cascading: the level of cascading treatment technology involved (Valve et
al., 2020), the level of cascading hierarchy between upcycling or
downcycling (Papargyropoulou et al., 2014), the soil conditioning benefits
(Hermann et al., 2011), and the fertilizer’s best NH4" plant availability
(Valve et al., 2020)

4. Energy: the energy recovery contribution (Moraga, et al., 2019) from AD
or incineration

5. Losses: the overall degree of losses of the waste management practices
(Navare et al., 2021)

6. Transportation costs: high or low costs for reuse of fertilizer (this was in-
cluded to show that potentially also economic or social CNE aspects can be
added when applying this method)
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With a common regional MFA various flow can be described. In this study flows
used for the POCindex have the unit of P t a! and are originating from consumption
subsystems (organic or mixed consumption) to productive or other end-subsystems:
landscape, private backyards, landfill, and environment (Figure 3).

In a MFA several flows (X1, X2, X3, X4, ...) can be identified, and in general they
can be distinguished into recovered, recycled, disposed or as lost. The POCindex is
built on a formula with weighting factors (ki-values) for each flow (X;), calculated
in relationship to the total organic waste and losses flows produced after consump-

tion (Z?’:f 1 X;) (equation 1).

Z?I:f kiXi
POCingex = 2# X 100 (1)

i=171

A POCindex of 100 indicates the highest possible recirculation quality, while an
index of 0 indicates the worst possible scenario. To define ki-values, each flow is
given a sum of points between 0-600, this since with six objectives, each flow can
have a maximum of 600 points (Pwotal)(Table 5).

To calculate ki, the resulting points (Py,) for each flow Xi are divided by Py, , .,
as shown in equation 2. This allows to rank A, B, C, and D classes depending on ki
values, with each class having a set of recurring characteristics (Table 6).

k= — 2

PXtotal

sz = N, : number of flows
i=1 kiX X:flowsintPa’

_ Aij=q Rt lows in
POCinedx = =, x10 !

i=1 "t

o

0<k,<025

©

Legend

:
e
DIGESTION + biogas X.
oraanic (L) ) 0.75 < k; < 1.00
CONSUMPTION
) £ X, (:) B|050< k5075
MIXED e 0.25 < k;<0.50
'?

[ Left: consumption subsystems X“’

— Right: productive subsystems (farm) & end-subsystems
(landscape, private compost, landfill, construction, environment)

[ Organic waste treatments
D Energy recovery treatments
flows with specific k-values belong to either class A, B, C, or D

Figure 3. Theoretical representation of sub-systems and flows considered to apply the POCingex . In

this specific case flows consider Pt a!, however it could be applied to any other macronutrient (N,
K).
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As shown in Table 5, the distribution of the points depends on the number of con-
tributions applied. For example, Losses presents two types of contributions, which
gives two scores (100 = positive and 0 = negative), while Safety presents instead
three (100 = positive, 50 = neutral, 0 = negative).

To the best of the author’s knowledge, there is no consensus as to which organic
waste streams are more beneficial from a CNE perspective when used for landscap-
ing or farm applications. However, in this study it is argued that landscaping should
be considered as a less valuable closing strategy because ultimately it does not pro-
duce food, as food production is the highest priority (Muscat et al., 2020). To ad-
dress the hierarchical difference in recovering nutrients for gardening or food pro-
duction, it was decided to allocate fewer points to the landscape application in Loop
objective (Lp = 75, Table 5), while farm reuse gets the highest score (L, = 100,
Table 5).

Regarding Safety objective, the flows can be distinguished into source separated
organic waste (Sa = 100) and mixed organic waste (Sa = 50), the first gaining higher
score since less if not contaminated than the latter.

Table 5. To calculate individual ki-values, every flow is evaluated by giving a score between 0-100
for each objective (P = 600).

Objective Description Points in relation to the specific CNE contributions

Safety Safety for appli- 100 50 0
cation depends
on separation
\performance
and on organic
residues’ origin
Loop Best loop option 100 75 25 0
to reduce virgin
input & closing

source separated or-

ganic waste only origi- mixed organic waste no collection of
nated from organic (organic + conventional products) material

sourced consumption

material re-
material reused on farm | used for land-
scape

Cascading |Cascading, re- 100 80 60 40 20 0
generation, best
treatment, and

application op- upeycled
tions for agri- -
culture reuse (feed) soil benefits | soil benefits
products | better NH4"
plant availa-

bility

Energy |best energy op- 100 75 25 0
tion by avoiding
material degra- | biogas production

material reused for private |material not re-
gardening used

downcycled | downcycled | downcycled | downcycled landfilled

reused as fer- |reused as ferti- | reused as fer-
tilizer lizer tilizer

biogas production at |heat production from | no energy produc-

dation WWTP incineration plant tion involved
Losses reduce losses & 100 0
eutrophication safely recovered material environmental losses
Transporta- |Costs are gen- 100 50 0

tion costs |erally affected
.. lower transportation costs for lky materials: higher

by the water no additional costs for reuse | portation costs 1o L7 IR L

content of mate- reuse because of “lighter transportation costs for re-

urposes .
rials purp material use

Flows that cascade better according to the hierarchy analysis framework for CNE
strategies are the ones that are upcycled into new products and score of Ca = 100
(Table 5 & 7, Cascading). If flows are downcycled, for example digestate from AD,
it counts as reused as fertiliser, it is beneficial for the soil, and is more beneficial
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from a N perspective since NH4" would be more plant available (Valve et al., 2020).
This specific flow would result in a score of Ca = 80 (Table 5 & 7, Cascading).

To show an example of upcycled (value-added) material, the two flows (flow nr.
3 and flow nr. 8), which are organic and mixed sourced waste treated with BSF and
applied on farm, have been added to the theoretical POCindex list of flows (Table 7),
even though there are no flows of this kind in current MFA case studies yet.

From an Energy perspective in biogas production, it does not matter if the diges-
tatel is contaminated or not, the energy produced will be the same. However, two
different scores are given: biogas production at WWTP is assumed to deliver mixed
contaminated materials to the farm (En = 75), while biogas production at farm level
is assumed to have no contamination from urban sources (100 points).

Objective Losses is better explained with an example: if 100 kg P organic com-
post are transported to the farm (flow nr. 11, ORG compost to farm, Table 7) and 1
kg P is lost to the environment on the way (flow nr. 24, Uncollected, Table 7) than
these account as two separate flows with different k values. The first one of 99 kg
would have 360 points and the second flow of 1 kg a score of 100 points.

Regarding Transportation costs, each flow has different benefits in terms of
Transport. For example, the outflow at the WWTP (nr. 25) does not generate trans-
portations costs (Tc = 100, Table 5). But if sludge is brought to construction sites
(flow nr. 27) then it generates costs, and thus it gets a score of Tc = 0. Furthermore,
materials that enrich soils by adding organic fertiliser are heavier than mineral fer-
tilizer because of higher water content and will always generate higher
transportation costs. For example, flow nr. 1 (ORG digestate to farm + AD energy,
Table 7) has as major negative contribution the fact of being heavy to transport (Te¢
= 0, Table 5). On the other hand, “lighter” materials include struvite or BSF, for
example, where water content is reduced but are both originated from an organic
waste treatment plant.

Table 6. The four classes with their main features and index scores (0 < POCiygex < 100)

Class Objective  Flows predominant characteristics ki POCindex

1 organic sourced materials
2 reuse on farm
3 optimal downcycling and upcyclin;

A 4 b?ogas recover}}ll witl%I mainls gncongtaminated materials 0.75-1 75 - 100
5 zero losses
6 higher transportation costs
1 mixed sourced materials
2 reuse for landscape purposes (gardening)

B 3 moderate downcycling 050-0.75 50-75
4 moderate to zero energy recovery
5 zero losses
6 lower transportation costs
1 mixed sourced materials
2 reuse for landscape or landfill

c 3 lovs{ dovyngyclin‘g efﬁgiency 025-050 25-50
4 mainly incineration with heat recovery
5 zero losses
6 higher transportation costs
1 mixed sourced materials and uncollected flows
2 no reuse

D 3 no recycling 0-025 0-25
4 no energy recovery
5 moderate to high material losses
6 lower or no transportation costs for reuse
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When objectively applying this ranking method to the most common flows found
in regional MFAs for P, the resulting POCindex classes are shown in Table 7, where
class A presents 3 flows, (1-3), class B presents 13 flows (4-16), class C presents 7
flows (17-23), and class D has 4 flows (24-27). Details regarding the number of
points and k-values for each flow are shown in Table 7.

Table 7. Twenty-seven theoretical organic waste flows have been identified (ORG = organic waste
sourced from organic production, S, = safety, L, = loop, C, = cascading, E, = energy, L, = losses,
T, = transportation costs)

total k- POCindex

Nr. flow characteristics Sa Lp Ca En Lo Te .
points value classes
1 |ORG digestate to farm + AD-energy 480 0,80
2 |ORG digestate to landscape + AD-energy 455 0,76 A
3 |ORG BSF to farm 450 0,75
4 |Struvite to farm + AD-WWTP-energy & heat 440 0,73
5 |Digestate to farm + AD-energy 430 0,72
6 |Digestate to landscape + AD-energy 405 0,68
7 |Sludge to farm + AD-WWTP-energy 405 0,68
8 |BSF to farm 400 0,67
9 |Sludge to landscape + AD-WWTP-energy 380 0,63
10 |Struvite to farm + heat 365 0,61 B
11 |ORG compost to farm 360 0,60
12 |Private green waste 335 0,56
13 |Private compost 335 0,56
14 |ORG compost to landscape 335 0,56
15 |Compost to farm 310 0,52
16 (Sludge to farm 310 0,52
17 |Compost to landscape 285 0,48
18 |Sludge to landscape 285 0,48
19 |Sludge + AD-WWTP-energy & heat 250 0,42
20 [Sludge to construction + AD-WWTP-energy 245 0,41 C
21 |ORG biowaste + heat 225 0,38
22 |Biowaste + heat 175 0,29
23 |Sludge + heat 175 0,29
24 |Uncollected 100 0,17
25 |Outflow WWTP 100 0,17 o
26 |Erosion from urban soils 100 0,17
27 |Sludge to construction 70 0,12
3.2.2 SLUdev

To address criterium 2, the biophysical constraints, it was decided to focus on live-
stock production.

Feeding livestock only with local grasslands is primarily limited by the extent of
grassland availability, and by the type of human diet (Van Zanten et al., 2018).

An effective way to manage grasslands would be to limit meat production to the
regional context, ensuring protein supply while maintaining the diversity of the
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landscape. In addition, the role of livestock in CNE is crucial for recycling agricul-
tural waste, food waste, and organic residues while producing manure that can be
used for organic crop production (Van Zanten et al., 2018).

A way of measuring the soil biophysical constraints is using the Muencheberg
Soil Quality Rating (M-SQR), which allows to determine various soil scores rang-
ing between 0 and 100, were soils with 100 present optimal conditions for crop
production (Gerwin et al., 2018).The M-SQR includes 8 basic indicators (such as
substrate, topsoil structure, compaction, or relief) and 12 hazard indicators (such as
contamination, thermal regime, salinization, flood risk, etc.). This method has been
used especially in the context of bioenergy production, were soils with M-SQR <
40 have been considered as marginal land that is not suitable for crop production
and would therefore open up secondary land use options (Gerwin et al., 2018).

The Standard Livestock Unit deviation factor (SLUdev) developed here (equation
3) serves as an indicator of livestock production efficiency within a given region. It
is calculated by dividing the actual number of SLU units present in the region
(SLUactual) by the SLU production potential (SLUpot). The SLUpot represents the
potential number of livestock that could be produced if ruminants were fed exclu-
sively with grassland resources from local marginal lands.

_ SL Uactual

pot

If SLUdev > 1, it means that SLUactual exceeds the regional marginal land capacity
to feed ruminants on locally available marginal land resources. On the other hand,
SLUdev < 1 means that the regional grassland capacity is not fully utilized.

3.2.3 Share of organic P inputs

To address the issue relative to criterium 3, the invisible toxicants such as herbi-
cides and chemicals that can be applied at the upstream stages of production in farm
systems, and if CNE is to become regenerative and safe at all stages, the most effi-
cient way for safer and regenerative waste management is to tackle the contamina-
tion issues at source rather than after the consumption stage (Isenhour et al., 2022).
In general terms, agricultural activities that produce crops and feed for livestock
can be either organic or conventional. By knowing the share of organic P input, one
can have an insight regarding the quality and safety of the collected organic waste.

Within the EU, organic farming methods are regulated by EEC Regulation No.
2078/92 and neither mineral fertilizers nor synthetic pesticides are allowed (Gabriel
et al., 2010). Organic licensed farming is therefore used as a proxy indicator for
uncontaminated food and feed products entering the food system.
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3.3 Application of developed circularity indicators

3.3.1 MFA case studies

To make an evaluation of the POCindex effectiveness, a series of MFA-P flows were
extrapolated from four different MFA-P studies found in literature (Appendix 1),
all located in Europe. The first data set is from Denmark (Klinglmair et al., 2017),
secondly the Brussel capital region (Papangelou et al., 2020), the national border of
Switzerland (Mehr et al., 2018), and at last the Brandenburg-Berlin region (Theo-
bald et al., 2016).

Denmark

Klinglmair et al. (2017) conducted a regional study of the phosphorus (P) budget in
three regions of Denmark, analysing detailed P flow information at the waste man-
agement subsystem level. For the study the region around Copenhagen was selected
for application, which was defined as region A in Klinglmair et al. (2015). The
region around Copenhagen has a population of around 2.5 million and a total geo-
graphical area of 9,834 km?, 57% of which is used for agriculture (Klinglmair et
al., 2015).

Brussel region

The second dataset used was provided by Papangelou et al. (2020) and comprises
an MFA analysis of P-flows for the Brussels Capital Region. This region has a pop-
ulation of approximately 1.1 million and covers an area of 161 km? (IBSA, 2015).
Unlike the other three regions, it has no agricultural land, accounting for only
around 1% of the total area (Papangelou et al., 2020), which is therefore ne-
glectable.

Switzerland

The third region comes from Mehr et al.'s (2018) study of the national phosphorus
budget in Switzerland. This region covers an area of 41,285 km? and had a popula-
tion of around 8.5 million in 2018. Due to the presence of the Alps, only 21% of
the total geographical area can be used for agriculture. It was estimated that 39% of
the agricultural area was used as cropland and 61% as grassland (Stumpf et al.,
2018).

Brandenburg-Beriln

The last region is Brandenburg, in Germany from the study by Theobald et al.
(2016). The population in Berlin-Brandenburg is about 3.5 million inhabitants (Za-
sada et al., 2019). Brandenburg consists of 14 municipalities and surrounds the na-
tional capital Berlin with a total geographical area of 29,478 km?, of which 45% are
used for agricultural production (Tavakoli-Hashjini et al., 2020).

Crop production appears to be challenging due to low rainfall and the fact that
two-thirds of the soils are sandy or sandy loamy with low water-holding capacity
(Gutzler et al., 2015).
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3.3.2 POCindex assumptions and MFA-P data acquisition

Many assumptions and estimations have been made since data on the flows was
difficult to find. As can be seen in Table 8, few flows have actually been found,
except in the Brandenburg region, which is well covered (see Table 8).

In the case of Brussel region, the fate of WWTP sludge is unknown (exported
volume = 563 t P/a), thus in this study this flow was assumed to be incinerated and
landfilled and therefore accounted as which. In the study of Mehr et al. (2018) for
the Swiss region, it was not specified how much digestate and compost was recy-
cled, so it was assumed that of the total (1237 t P/a), 50% was composted and 50%

digested.

Table 8. From the four regions twenty-seven theoretical flows were found. If not available, the flows
were not added (n.d.) or in some cases estimated (in bold). Values areint P a’’.

Flow (route) Denmark Brussel Switzerland | Brandenburg
ORG digestate to farm + AD-energy n.d. n.d. n.d. n.d.
ORG digestate to landscape + AD-energy n.d. n.d. n.d. n.d.
ORG BSF to farm n.d. n.d. n.d. n.d.
i;;;;vzte to farm + AD-WWTP-energy & nd nd nd 21
CONYV digestate to farm + AD-energy n.d. 2,0 618,5 4,5
eCij]}VV digestate to landscape + AD-en- nd nd nd 715
Sludge to farm + AD-WWTP-energy n.d. n.d. n.d. 47,2
CONYV BSF to farm n.d. n.d. n.d. nd
Sludge to landscape + AD-WWTP-energy n.d. n.d. n.d. 67,2
Struvite to farm + heat n.d. n.d. n.d. 13,9
ORG compost to farm n.d. n.d. n.d. n.d.
Private green waste n.d. n.d. n.d. 90,0
Private compost n.d. n.d. 34,0 53,0
ORG compost to landscape n.d. n.d. n.d. n.d.
CONYV compost to farm n.d. 5,0 618,5 4,5
Sludge to farm 1200,0 n.d. n.d. 315,8
CONV compost to landscape 410,0 11,0 n.d. 71,5
Sludge to landscape n.d. n.d. n.d. 449,8
Sludge + AD-WWTP-energy & heat n.d. n.d. n.d. 341,8
iigge to construction + AD-WWTP-en- nd nd nd 8.1
ORG biowaste + heat n.d. 158,0 n.d. n.d.
CONYV biowaste + heat n.d. n.d. n.d. 675,0
Sludge + heat 4,0 563,0 6854,0 2287,2
Uncollected pet excrements n.d. 58,0 20,0 148,0
Outflow WWTP 100,0 139,0 935,0 334,0
Erosion from urban soils n.d. n.d. n.d. 163,0
Sludge to construction n.d. n.d. 2746,0 53,9

In the study of Denmark, it was assumed that the exported compost (410 t P/a) flow
was used for landscape application out of the system boundary (SB), so it was in-
terpreted as “reused”, even if it did not take place inside the SB (see Appendix 1).
For Denmark, Brussel capital and Switzerland it was assumed that at the WWTPs
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no AD-energy was produced. Because of the value-added aspect of recovering en-
ergy (CNE objective 8), it makes a difference if sludge for example is recovered
from a WWTP that also produces energy, and so it was necessary to distinguish
between WWTP with AD and WWTP without. In Germany, 87% of biogas plants
operate with agricultural feedstock, while only 11% are located at WWTP using
sewage sludge (Torrijos et al., 2016). Considering this, it was decided to estimate
how many digesters are located on WWTPs (only in Brandenburg).

In Germany, there are 1274 WWTPs with AD (Nguyen et al., 2021) out of a total
of about 10,000 plants (BMUV, 2024), which means that on average 13% of
WWTPs in Germany are equipped with biogas plants. It was therefore assumed that
in Brandenburg 13% of sludge outputs from WWTP are digested providing energy
prior to farm/landscape reuse.

Since up to date there is no practical example nor method to separate biowaste
into organically sourced and conventionally sourced fractions, for the following
application all flows are assumed to be conventionally sourced, meaning that they
are all considered as mixed materials.

Lastly, in Brandenburg the flow “composted biowaste” to farmland (9 t P a)
and “soil conditioner” to urban areas (143 t P a’!) from centralized composting en-
tails also digestate from urban AD treatment (Theobald et al., 2016). Since it is not
known how much is digested and how much is composted, it is assumed that 50%
is digested providing energy recovery and 50% only composted.

3.3.3 Circularity

In addition to the hierarchical output assessment with POCindex for all regions pro-
posed in this study, it was decided to apply a circularity indicator found in the lit-
erature: the C indicator developed by Tanzer et al. (2020), which uses a method
where the quantitative value of recycled materials determines the degree of system
circularity.

C is constructed as shown in equation 4 by calculating the sum of recycled ma-
terials (manure, digestate, construction, compost, etc.) divided by the sum of flows
that occur in the whole system (throughput), such as recycled materials, net imports,
net exports, emissions to the environment, and accumulation in stocks (e.g. land-
fills, soils, urban areas, etc.):

C = recirculated mass % 100 (4)

system throughput

With C, a value between 0-100 can be calculated, where 100 is the highest circu-
larity, as all flows would be recirculated. This method considers all flows of each
subsystem: production, consumption, and waste management.

3.3.4 SLUgev data acquisition and assumptions

The Muencheberg Soil Quality Rating (M-SQR) earlier described, was taken for
Brandenburg from a study of Tavakoli-Hashjini et al. (2020), who estimated that
55% of the arable land has very good to moderate characteristics for food crop pro-
duction (M-SQR > 40) and that on the other hand 45% can be considered as mar-
ginal land (M-SQR < 40), which could be suitable for forage production or energy
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crops. Since no M-SQR scores have been found for the other three regions, for
Denmark, Brussel, and Switzerland, instead, Gerwin et al. (2018) estimated that
around 10% of agricultural land in Europe is potentially available to use as marginal
land for biomass production.

Data for SLUactal (including number of cattle, mother cows, dairy cows, and
sheep) in the four regions were taken from the local statistical offices for Branden-
burg and Switzerland, while EUROSTAT data was taken for Belgium and Denmark
(Amt fiir Statistik Berlin-Brandenburg (2024); Trading Economics (2023); Bun-
desamt fiir Statistik (2023)). Chickens, hens, and pigs were not included because
these animals do not primarily feed on grassland (Van Hal et al., 2019).

To calculate the SLUpot one needs to estimate how much marginal land in hec-
tares is available. To know how much one SLU consumes in a year it was consid-
ered that for ruminants, on average, one SLU consumes 4,571 kg of Dry Matter
(DM) grassland a™! (Qi et al., 2023). The average herbal yield on grassland in the
UK on rough grazing surfaces (low productivity) is in average 2.76 t DM ha™! (Qi
et al., 2023), which is assumed to be similar for all four regions.

According to the estimations by Qi et al. (2023), each Standard Livestock Unit
(SLU) needs to feed on 0.6 ha a™'of grassland.

As in this study food production is given a higher priority than energy produc-
tion, it is assumed that of the available marginal land, 75% of it should be used as
ruminant feed and 25% for bioenergy production.

3.3.5 Assumptions and data acquisition for the share of organic
P inputs

The ratio of organic P masses is calculated in relation to the total input flows for
each region (sum of imports + sum of production). To calculate the organic frac-
tions of production and in market retail, the region’s specific shares of organic ag-
riculture were used to determine the organic P inputs to consumption. Shares of
organic production for each region were taken from IFOAM & FIBL (2023).

The P masses of imported feed & animal products are assumed to be contami-
nated (0% organic share). This was deemed necessary because of the impossibility
of extrapolate information about external farm practices.
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4. Results

4.1 P Output Circularity Index (POCindex)

Figure 5 displays the calculated POCindex values for Brandenburg, Denmark, Swit-
zerland, and Brussels, which are 34, 49, 27.6, and 28.4, respectively. Along with
the POCindex values, the types and distribution percentages of the flows are also
illustrated (Figure 4).

For Brandenburg 20 flows are identified and calculated, while Denmark, Swit-
zerland, and Brussels have 4, 6, and 7 flows, respectively. In Brandenburg, Swit-
zerland, and Brussels, the largest flow category is "Sludge + heat," flow number
23, accounting for 44%, 58%, and 60.1% of the total flows, respectively (Figure 4).
In Denmark, the most significant flow identified is "Sludge to farm," which repre-
sents 70% of the total (flow nr. 16).

All regions are classified as category C, with Denmark having the highest score,
nearly reaching category B (POCindex = 50-75) (Figure 4). In contrast, Switzerland
and Brussels were close to being classified as category D, as their POCindex values
were near the threshold value of POCindex = 25

4.2 Circularity

The flow values (tP a™') are sourced from the original MFAs studies (Appendix 1).
A circularity assessment is presented for each region (Table 8). Brandenburg ex-
hibits a circularity level of C = 44.5, which ranks second only to Switzerland (C =
50.1). Notably, Brandenburg's data had the highest resolution among the regions,
with 9 flows classified under Recirculated Mass and 26 flows included in the Sys-
tem Throughput (Table 8). Region A in Denmark has a Circularity level of C =
28.7, the Brussels-Capital region shows a circularity of just C = 1.4, and Switzer-
land leads with a circularity level of C = 50.1.

In Denmark, only two flows, Sludge and Manure, were identified as part of the
Recirculated Mass. By contrast, both Brussels and Switzerland recorded four flows
contributing to their Recirculated Mass.
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Figure 4. The distribution of the reused and lost organic waste containing P flows (in t P/a) in
Brandenburg-Berlin (top, left), region A of Denmark (top, right), the national borders of Switzerland
(bottom, left) and the Brussel capital region (bottom, right). Of the 27 theoretical flows defined in
the POCingex method, only Brandenburg had a satisfactory number of flows. The same could not be

said for the other regions.
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Table 9. Flows used to calculate circularity (C) using the method proposed by Tanzer et al. (2020)

Region Flow Type tPa’' Recirculated Mass tPal System throughput C (%)
3734 Residuals 3734 Residuals
9146 Manure 9146 Manure
2490 Digestate 2490 Digestate
16 Struvite 16 Struvite
Recycling 363 Sludge 363 Sludge
9 Composted biowaste 9 Composted biowaste
143 Soil conditioner 143 Soil conditioner
62 Sludge construction 62 Sludge construction
517 Sludge landscaping 517 Sludge landscaping
149 Sludge
4477 Synthetic fertilizer
2648 Soja cake & forage
Brandel}burg Import 460 Livestock 445
Berlin 975 Processing
3512 Goods
2703 Feed
739 Livestock
Export 926 Processing
1703 Animal products
1499 Slaughter waste
1051 Erosion
Emissions 163 Erosion
334 Outflow WWTP
-3617 Stock farm
Stocks 175 Urban areas
2629 Landfill
Recycling 1200 Sludge 1200 Sludge
6600 Manure 6610 Manure
640 Synthetic fertilizer
Import 6610 Feed
2380 Food
Region A 410 Compost 287
Denmark Export 9100 Food & feed 4
190 Environmental losses
Lo 100 WWTP Outflow
Emissions
20 Losses crops
20 Waste management
Stocks -110 Stock soil
11 Compost 11 Compost
Recycling 10 Green waste 10 Green waste
5 Compost 5 Compost
2 Digestate 2 Digestate
195 Non-food
Brussel capital Import 61954 ix?jstiewater (WW) 1,4
106 WW Flanders
563 Sludge
Export 55 Crops
164 Ash
Emissions 139 Outflow WWTP
23353 Manure 23353 Manure
Recycling 1237 Digestatet + compost 1237 Digestatet + compost
66 Waste paper 66 Waste paper
2746 Cement plant 2746 Cement plant
4229 Synthetic fertilizer
2198 Food
1234 Cleaning products
Import 360 Chemicals
6222 Fodder
501 Animal-based food
4 Living animals
. 69 Wood paper
Switzerland Export 2418 Animai)b‘;/products 50,1
134 Ash
106 Sewage sludge
745 Outflow WWTP
Emissions 190 Stormwater .
1136 Agricultural erosion
20 Excrements leachate
6490 Landfill D
454 Landfill C
Stocks 323 Forest
456 Soils
34 Gardens
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4.3 SLU deviation factor (SLUgev)

The total agricultural area in Brandenburg is 1,326,510 ha, of which 596,929.5 ha
are classified as marginal land. If 75% of the marginal land is used as ruminant
feed, in Brandenburg there would be 447°697 ha available for livestock feeding
(Table 10). Based on this, the SLUpot would be 268,618 SLU. The actual livestock
population in Brandenburg in 2016 was 880’500 (SLUbactual). This results in a
SLUqev = 3.3, indicating that the local grassland resources are insufficient to support
the current ruminant-livestock population density.

For Denmark the SLUdev = 6.8 is slightly higher than Brandenburg. On the other
hand, Belgium and Switzerland have a much higher range of values, 33.1 and 30.3,
respectively.

Table 10. SLU 4y values for the four regions considered in this study

. , 75 % of
Region ioth et i Marginal  SLUpot SLUactuar SLU4er
tural area land
land
Unit ha ha ha Nr Nr 0<1<o
Brandenburg 1’326°510 596’929 447°697 268’618 880’500 3,3
Tavakoli- Tavakoli- calcu- Amt fiir Statistik
Hashjini et al. Hashjini et ']a[éd Berlin-Bran-
(2020) al. (2020) denburg (2024)
Denmark 2°620°947 262’094 196°571  117°942 797°070 6,8
f;:}l;[’;f(l;/l Gerwin et calcu-  Trading Eco-
. ics (2
(2023) al. (2018) lated nomics (2023)
Belgium 594°274 59’427 44°570 26’742 885’850 33,1
Gerwin et calcu- Trading Eco-
Statbel (2024) 1" 2018) lated  nomics (2023)
Switzerland 1°445°185 144’518 108°388 65’033 1°973°000 30,3
Gerwin et calcu-
2
BFS (2024) al. (2018) lated BFS (2023)

4.4 Share of organic P inputs

Table 11 presents the shares of organic and conventional inputs from the different
food sources for the four regions. The organic inputs are calculated by multiplying
the organic share with the total input. In Brandenburg, Denmark, Brussel, and Swit-
zerland, the proportion of inputs sourced organically are 9,4%, 7,2%, 3,7%, and
14,3%, respectively.
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Table 11. Flows used for the calculation to estimate the share of organic sourced P inputs in the
four regions. Organic shares are taken from IFOAM & FIBL (2023).

Region Flows Inputs g;%;:ic i(lj:;r:l\;zntional ?;g::ic Sector
Description tP a’! tPa’! tP a’! %
Feed import 2648,0 0,0 2648,0 0 Import
Livestock import 460,0 0,0 460,0 0 Import
Processing import 975,0 61,4 913,6 6,3 Retail Market
Brandenburg Goods purchase 3512,0 2213 3290,7 6,3 Retail Market
Regional crops uptake 19017,0 21299 16887,1 11,2 Production
Regional forage production  4125,0 462,0 3663,0 11,2 Production
total  30737,0 2874,6 27862,4
% 100,0 9,4 90,6
Feed import 6610,0 0,0 6610,0 0 Import
Livestock import no data 0,0 0,0 0 Import
Processing import no data 0,0 0,0 12,0 Retail Market
Denmark Goods purchase 2380,0 285,6 2094,4 12,0 Retail Market
Regional crops uptake 1840,0 211,6 1628.4 11,5 Production
Regional forage production  6610,0 760,2 5849,9 11,5 Production
total  17440,0 12574 16182,7
% 100,0 7,2 92,8
Feed import no data 0,0 0,0 0 Import
Livestock import no data 0,0 0,0 0 Import
Non-food import 195,0 7,2 187,8 3,7 Retail Market
Brussel Food products 694,0 25,7 668,3 3,7 Retail Market
Regional crops uptake nodata 0,0 0,0 7.4 Production
Regional forage production  no data 0,0 0,0 7,4 Production
total 889,0 32,9 856,1
% 100,0 3,7 96,3
Feed import 6222,0 0,0 6222,0 0 Import
Animal based food import 501,0 0,0 501,0 0 Import
Plant based food import 2108,0 236,1 1871,9 11,2 Retail Market
Switzerland Goods purchase no data 0,0 0,0 11,2 Retail Market
Plant based food production 3751,0 671,4 3079,6 17,9 Production
Regional forage production 25187,0  4508,5 20678,5 17,9 Production
total  37769,0 5416,0 32353,0
% 100,0 14,3 85,7
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5. Discussion

5.1 Application of developed indicators

This chapter focuses on the evaluation of the indicators that were developed in this
study: the POCindex, SLUdev, and the share of organic P inputs. These indicators
provide a novel approach to system analysis within regional context in CNE. Unlike
previous indicators, these metrics are designed to offer a simpler yet effective
framework for analysis, which focuses on the hierarchization, the livestock produc-
tion in relation to biological limits, and the regional regenerative and contamination
risks.

Using P as a proxy for biological materials rather than C, N or K can be a
promising approach due to its binding nature with biomass, its accumulation in soils
and its depletion in virgin mines. However, applying circularity indicators to C, N
and K will highlight other issues. Therefore, it is important to bear in mind that P
is not representative for the other macronutrients.

5. 1 1 POCindex

By applying the POCindex method, all four regions resulted as class C, which was
earlier defined as regions where mixed sourced material prevail, no reuse practices
dominate, and organic waste is predominantly used for landscape or either land-
filled. Additionally, regions with POCindex values that range between 25-50, have
incineration as predominant energy recovery strategy (Table 5).

Brandenburg presents around 44% of P that is incinerated (Sludge, flow nr. 23)
and 13% of P in form of biowaste that is incinerated (flow nr. 22). These two flows
make up more than half (57%) of P waste management for Brandenburg and have
a great impact on the overall result of the POCindex (value 34).

On the other hand, Denmark for example, directs 70% of P-waste in form of
sludge for farm application (flow nr. 16) and 23,9% as compost applied for land-
scaping (flow nr. 17). Since these two flows generate more points according to the
CNE objectives in contrast to flows nr. 22 & nr. 23 of Brandenburg, the POCindex
value of 49 Denmark, is the highest of all four regions.

Switzerland and Brussel capital are interesting to discuss since they both have a
similar POCindex value (27,6 and 28,4). The two regions mainly direct organic waste
via incineration, 58% and 60,1% of total P, respectively. Furthermore, Switzerland
disposes 23,2 % of total P in form of sludge to construction (flow nr. 27), which is
according to the herein definition, the worse path with the lower CNE benefits (k-
value = 0,12; Table 7). The second largest flow of Brussel capital, on the other
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hand, is collection of organic biowaste for heat recovery (16,9% of total P), which
has a higher k-value (0,38).

By considering only the two largest flowss, Brussel should gain a higher POCin-
dex score in contrast to Switzerland, nevertheless, since Switzerland has a higher
percentage of P-recovery in form of digestate to farm (5,2% vs. 0,2% for Brussel)
and a higher compost application on farms (5,2% vs. 0,5%), which are two flows
with rather high k-values (0,72 & 0,52), this evaluation method allows to consider
the positive benefits and results therefore in a higher POCindex value for Switzerland,
even if the second largest flow in this region is sludge application in the cement
industry.

5.1.2 POCindex effectiveness

With the integration of a hierarchy analysis framework for regional CNE, the
POCindex gives a better framing for recycling of organic matter, depending on its
end benefits and application purposes.

According to the definition of circular economy by Kirchherr et al. (2017), the
ranking order of the R-framework should be somehow included in circularity as-
sessment. One reason for this is that otherwise CE practitioners’ risk to prioritise
recycling over reduction strategies, leading to the risk of perpetuating business-as-
usual economies (Kirchherr et al., 2017). Besides, it has been emphasised that in
the context of CE-indicators, little attention is paid to the qualitative aspects of nu-
trient cycles (Moraga et al., 2019). Therefore, a hierarchized assessment of the
flows (such as ranking composted vs. incinerated biomass) is missing in current Cls
and the POCindex can be seen as a useful tool to overcome this limitation.

In the case of Brandenburg twenty flows have been identified, leading to a higher
resolution. Therefore, the final POCindex score is better tuned between negative con-
tributions (flows nr. 24, 25, 26, and 27) and positive contributions (flows nr. 4, 5,
6,7,9,10, 12, 13, 15, and 16) that “balance” each other out (Figure 4). This is not
the case in the other regions, where for Denmark only four flows have been found
and only six for Switzerland and seven for Brussel.

The fact that the four regions have been analysed by using a different number of
flows might negatively influence the benchmark analysis between regions, and for
future studies it would be therefore advised to find the same number of flows for
every region when comparing them to evaluate their CNE performances.

5.1.3 POCindex versus Circularity

In contrast to POCindex, by applying C as an indicator of circularity, Switzerland
appears to be the best performing region with a score of 50,1, followed by Bran-
denburg (44,5), Denmark (28,7), and Brussel (1,4) (Figure 5, A).

Switzerland and Brandenburg present large manure flows of 23,353 t P a”! and
9,146 t P a’!, which correspond to 42,7% and 24,7% of the total system throughput,
respectively (Table 9). In these two regions, manure as a recirculated mass gives an
important contribution for the C final score, which explains why Switzerland and
Brandenburg are better positioned in comparison to Denmark, which on the other
hand has a higher POCindex value (Figure 5, A).
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Brussel capital region does not score well in Circularity (C=1,4) because the
total mass of Recirculated Mass is very little compared to the total System through-
put. This is because in the Brussel study case, no farmland is included as subsystem
and therefore the urban capacity to recycle organic waste is yet limited. This recalls
the differences in scores of Circularities emphasized by Papangelou et al. (2020)
about the three options of applying the indicators City Circularity (CC), Food Cir-
cularity (FC) and Weak Circularity (WC).

Tanzer et al.'s (2020) circularity indicator assigns the same qualitative weight to
manure recovery as it does to recycling in cement plants. However, the POCindex
introduces a compelling extension by weighting material flows based on their final
CNE benefits. This approach is particularly valuable in the context of organic waste
management, as it shifts the perspective on recycling: rather than focusing solely
on material recycling, it emphasizes the efficiency of cascading processes and the
broader benefits they deliver.

Lastly, Switzerland’s high C score of 50,1 in contrast to the rather low POCindex
score of 27,6, also shows that even if Switzerland is performing well in recycling,
by recovering mainly P as s/udge to heat (flow nr. 23), the C indicator is limited in
showing the recycling benefits only, while the POCindex weights the flows in the
calculation method from a hierarchical CNE perspective, and gives an additional
qualitative evaluation. Which means that even if Switzerland recycles 1:2 of P in
its System, its final CNE benefits are of class C, which gives additional valuable
information in respect to CNE objectives.

Comparison POCindex vs. Circularity
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Figure 5. In Figure A, the POCnex is presented alongside circularity C (Tanzer et al., 2020) for all
four regions under study. Figure B illustrates the percentage share of organic input relative to con-
ventional input across the same regions. Lastly, Figure C displays the SLUg4, values, which have
been calculated for each of the four regions.
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5.1.4 POCindex hypothetical improvement scenarios

If Brandenburg were to redirect its conventional biowaste (nr. 22) to BSF upcycling
for feed production, for example, and recover all the phosphorus (P) from the sludge
in the form of struvite (nr. 4) instead of incinerating it (nr. 23), its POCindex score
would increase from 34 to 58, raising its class from C to B.

On the other hand, if Denmark were to make the effort to raise its score from C
to class A, it would be necessary to ensure that only products sourced from organic
materials are used throughout the production and consumption subsystems. Addi-
tionally, all sludge (nr. 16) should be recovered in biogas plants (nr. 1) and subse-
quently applied to fields, while all conventional compost used for landscaping (nr.
17) should be fed to BSF for feed production (nr. 3). If these measures were taken,
Denmark would achieve a POCindex score of 75. If it were to additionally reduce the
outflow from the WWTP to zero, its score would rise slightly to a POCindex of 79.

If Brussels were to redirect its biowaste from incineration (nr. 21) to BSF
production (nr. 3) and increase its recovery of sludge in the form of conventional
digestate for use on farms (nr. 5) by eliminating sludge incineration (nr. 23), this
would result in a POCindex 0of 60,3, upgrading from class C to class B.

As sludge application on farmland is not permitted in Switzerland, this is not a
feasible option. Therefore, it is also not possible for the region to achieve a B or A
classification. However, it would be possible to divert the sludge from incineration
(nr. 23) and construction (nr. 27) to flow nr. 19 (AD WWTP energy recovery + heat
production). This would mean installing biogas plants on all WWTP to recover
additional biogas, alongside heat from incineration. Nevertheless, these measures
would not significantly improve the CNE score for Switzerland, only increasing the
POCindex from 27,6 to 33,9 and maintaining a low score categorised as class C.

51 5 SLUdev

As all regions have a SLU4ev >1, meaning that the marginal land used as feedstock
is exceeding the potential land capacity (Figure 5, C).

Brandenburg and Denmark seem to be lesser intensive, by having a SLUdev rang-
ing between 3 and 7 units and are therefore relying more on local grassland availa-
ble from regional marginal land. Brussel capital and Switzerland instead need 30
times more grassland-feed resources than locally available, which makes these two
regions less independent and sustainable, since they need to use way more out-
sourced feed than Brandenburg and Denmark (Figure 5, C).

In opposition to the Feed-self Sufficiency (FSS) indicator used by Koppelmaki,
et al. (2021) (Table 2), which is based on masses of production and import per hec-
tare, the SLU4dev gives a more specific insight since it includes the marginal land
availability for each region, excluding cropland and fertile agricultural areas.

However, the calculation method for the SLU4dev is built on data that considers
literature-based averages, which do not reflect each region characteristics specifi-
cally. As for example the estimation of Qi et al. (2023) concerning DM grassland
consumption of ruminants. And also the estimation of the soil quality of Gerwin et
al. (2018) used in this method for Denmark, Brussel and Switzerland, is a weak
estimation of available marginal land since it was for all regions 10% of total
cropland. In contrast the method that was applied on Brandenburg is more reliable
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as it comes from a study that estimated the soil fertility using the M-SQR (Tavakoli-
Hashjini et al., 2020).

5.1.6 Share of organic P Input

Regarding the share of organic P input, the main interesting aspect to note is that
up to date the four studied European regions rely on around 10% of organic inputs
across import, production, and retail market sectors (Figure 5, B).

For all regions + 90% of the biomass inputs can be considered of conventional
nature, which arises the hypotheses that consumption of goods in Europe are po-
tentially contaminated by unseen toxicants derived from pesticides and mineral fer-
tilizers. But these are speculative conclusions, and the share of organic P input isn’t
a performant indicator, because it only shows that organic farming is rather unpop-
ular and not well established at the European level. The regional assessment of tox-
icity and regenerative benefits of materials should be measured in other ways.

However, even if organic farming is granted as more sustainable and circular, it
is still challenging to achieve equal fertilisation performances compared to mineral
fertilizers. In fact, P-availability in organic sources is highly influenced by pro-
cessing and storage practices of compost and manure (Vanden Nest et al., 2021).

Further factors such as pH and Ca/P ratios in the products also influence plant
P-availability, determining if the organic fertilisers contain predominantly the
highly soluble form (struvite) or insoluble mineral apatite, which inhibits plant
availability (Vanden Nest et al., 2021).

From a soil regenerative perspective, the time scale of soil formation is off the
human time scale and therefore not a factor that generates economic value in the
short term.

However, soil is the most valuable natural resource in the long term, but even if
the use of recycled organic fertilizer will restore local soil health (Obalum et al.,
2017) and be a more circular system, the use of organic sources will not completely
alleviate environmental, water, and soil conservation pressures. This is because soil
degradation is the result of intensive agricultural activity, which leads to problems
of soil compaction, reduced soil formation and erosion, which are primarily caused
by poor management practices (Seeger Manuel, 2023).

5.2 Further conceptual gaps

As mentioned in the Methods section, Input Circularity (Harder et al., 2021) was
not taken into consideration in the proposed framework, since it would have been
way more work. This means that unfortunately, P flows from mined sources, im-
ported goods and feed, and environmental inputs have not been assessed. However,
to have a complete picture of the system P flow dynamics, these flows need to be
considered as well. The substance concentration efficiency (SCE) indicator
proposed by Tanzer et al. (2020), which is well suited to reducing material inputs,
could be therefore recommended for application.

In this study and in the literature, no clear methodology for determining the “lin-
earity” of a regional bioeconomy has been found. Also, the EMF does not discuss
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how to calculate the Linear Flow Index (LFI) of biological materials in their meth-
odology section concerning circularity (Goddin et al., 2019). This is a relevant gap,
as no indicator has been identified to assess the linearity of a region, with perhaps
only the concept of system openness being the closest attempt to assess system lin-
earity to date (Harder et al., 2021).

5.2.1 System openness

From the summary of Table 2 and the outcome of the applied indicators, it has been
shown that measuring circularity is highly context specific and the type of nutrient
unbalances define the indicators: intensive agricultural practices generate high en-
vironmental losses, have a high resource consumption and are dependent on global
trade (Van Der Wiel et al., 2021). Extensive agricultural practices on the other hand,
show the opposite trend, with the one negative aspect of low nutrient efficiency and
therefore low productivity (Le Nog et al., 2017).

The POCindex, the SLUdevand the share of organic P input are not considering the
influence of flows outside the SB. As Harder et al. (2021) discusses with his concept
of system openness, CNE is complex to restore because of a globalised distribution
of the accumulation of nutrients in areas of consumption (cities) and the depletion
of nutrients in areas of production (farms).

Nevertheless, Van Der Wiel et al. (2019) identifies the regional or local scale
unit as the most important starting point to address nutrient management, in which
the subsystems of the agro-food-waste system are close enough to create an eco-
nomically feasible exchange network. On a subnational level, circularity and tight
food supply distances are acknowledged as key factors for a sustainable food sys-
tem (Kaufmann et al., 2022).

Considering that not every region can recycle nutrients on agricultural land be-
cause of either excess manure or sewage production in combination with a small
agricultural area, these kinds of regions would be more responsible in valorising
nutrients by exporting them for reuse, rather than incinerating or landfilling. In a
region with excess manure production and application, circularity indicator based
on MFA are likely to have huge losses from the soils and nutrient flows in water-
bodies, as there is no regional capacity to recycle nutrients. In such a context, in
addition to the circularity performance it would be interesting to evaluate for exam-
ple the potential to export nutrients to neighbouring regions (Hanserud et al., 2017).

5.2.2 Renewable Energy and Nitrogen

With respect to energy consumption, which is expected to increase due to popula-
tion growth and an increase in CE approaches, it will be challenging to address
energy consumption in the context of CE. In fact, some authors argue that a system
can be considered circular if industrial N2 fixation is produced by renewable energy
sources (De Boer & Van Ittersum, 2018).

There is a lack of clear definition of material scarcity and sustainability specifi-
cally for Nitrogen. In fact, from a CNE perspective, the atmospheric N stock cannot
be easily defined as virgin as P coming from rock mines because of its unlimited
availability in the atmosphere, and the fact that it is not considered as a critical
resource as P, requires a new CNE conceptualization specifically for N.
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Other findings that reenforces the idea of applying different assessment methods
between N and P is emphasized by the study on nutrient circularity of Cobo et al.
(2018). The study shows that N-leaching increases with the application of organic
fertilisers, but not for P which is predominantly bound to soil particles (Cobo et al.,
2018). From an environmental impact perspective, their results suggest that
increasing the use of organic fertilisers to address circularity might lead to an
increase in N eutrophication but are not affecting P eutrophication (Cobo et al.,
2018).

5.2.3 Social, natural, and economic factors

In many studies the use of the indicator self-sufficiency between urban areas and
the supplying rural areas is used, this expresses a region’s reliance on net imports
and is the ratio of domestic agricultural production to consumption (Kaufmann et
al., 2022). From a biophysical perspective, while it would be the most sustainable
option for any country to be self-sufficient, in many countries this is not possible
due to either agricultural land, water, or a combination of both constrains (Fader et
al., 2013).

Fader et al. (2013) estimated that in North Africa and the Arabian Peninsula, for
example, even if agricultural efficiency were increased, the natural limits (renewa-
ble water and land availability) would not allow food self-sufficiency.

Even if SLUdev can be seen as a useful tool to distinguish cropland from grass-
land resources, there are regions where cropland is scarce, if not present at all. Ac-
cording to Adesogan et al. (2020), Animal Sourced Food (ASF) plays a key role in
providing nutrient-rich animal foods to low- and middle-income countries that are
exposed to chronic malnutrition, particularly in the sub-Saharan regions that rely
on arid climate and large areas of grasslands that are not suitable for crop cultivation
(Adesogan et al., 2020). These countries additionally rely on food imports because
there is not enough fertile soil for crop production.

On the other hand, natural constraints are not an issue in other regions, such as
South America, where the factors influencing import dependence are more related
to a lack of capital, know-how, and labour (Fader et al., 2013).

In the contrast, the import dependency in more developed regions of Europe,
such as the Scandinavian countries, is of political nature. Even though fertile soils
would be available, these countries have been focusing on the development of other
economic sectors or enhanced the protection of natural ecosystems. From a biore-
gional perspective, in these countries the soil fertility would allow self-sufficiency
and provide goods to be exported to other countries too (Fader et al., 2013).

5.2.4 CNE as a global challenge

Many strategies have been proposed to achieve global and sustainable food secu-
rity. Among the many solutions discussed there are also considerations of redistrib-
uting crops within cultivated lands to reduce water stress (Davis et al., 2017), in-
creasing production through sustainable intensification of agriculture (Godfray &
Garnett, 2014), changing diets towards plant-based protein consumption (Poore &
Nemecek, 2018), or combination of measures that would lead to the adoption of
circularity principles in food systems (Van Zanten et al., 2023).
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The caloric content of global food production is estimated to be sufficient to feed
the world demand, and even if 25% of commodities are currently traded interna-
tionally, there are still countries facing chronic food scarcity and are unable to meet
local demand due to agroclimatic constraints (D’Odorico et al., 2014).

This means that regional efforts to become more circular should consider the
global context, since regions with limited production due to natural or political con-
straints will further depend on imports, and there is no guarantee that the develop-
ment of technologies that can compensate for these food gaps will be sufficient to
achieve global self-sufficiency for every region. In addition to natural variables,
Muscat et al. (2020) argue that the integration of economic factors (labour and cap-
ital) is also necessary and will greatly affect the provision of increasing biomass
demand. Even if regional system analysis is complex to assess, social, natural, and
economic variables need to be measured in a complementary way. From a scientific
perspective it is therefore necessary to develop further indicators that address CNE
objectives but also consider the global food security and environmental degradation
issues that humanity is facing across the entire globe.
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6. Conclusion

Circular Nutrient Economy (CNE) is built on CE principles focusing on nutrient
flows, and strategies (reducing, narrowing, closing, slowing, and regenerating) with
the scope of achieving a more efficient nutrient use. In addition, biological cycles
in the context of CNE consider the sustainability of sourcing materials and the cas-
cading performance (up- and downcycle). The fact that CNE definitions are not yet
clearly defined, poses great challenges when trying to assess its performance by
using indicators.

This thesis focuses on Qutput Circularity, considering only the system outflows
and recirculation. The analytical framework proposed herein allows us to deduce
the following three important criteria that must be addressed when developing Cls
at the regional level: a stricter application of the 4R framework, clarification of the
bioregion and its biomass production limits, and stricter assessment of safety and
regeneration.

A novel analytical framework, the so-called hierarchy analysis framework for
regional CNE, has been proposed to develop Cls. The proposed theoretical concep-
tualization wants to primarily address the concepts of prioritizing food over feed
and feed over bioenergy production, enable nutrient efficient coupled crop-live-
stock practices, and lastly address the less emphasized objectives of CNE so far:
regeneration and safety of materials.

The Ellen MacArthur Foundation (EMF), start-up companies that produce
compost from dry toilet, or environmental institutions could use the indicators
developed here to evaluate the level of circularity in their regions. These indicators
are particularly useful for assessing biological material integrity, the adoption of
the 4R framework, safety issues, and regeneration. Furthermore, this set of
indicators is of particular interest to CNE promoters because sustainable treatment
practices are often evaluated using traditional environmental or economic
indicators. And these indicators do not encourage decision-makers due to high bi-
ogenic CO: emissions, the higher risks of eutrophication and the high cost of
adapting infrastructure for new nutrient management systems.

For future work, if the analytical framework for CNE is to be improved, it will
be important to also integrate further aspects of GHGs emissions, Input Circularity,
and system openness (global trade). Furthermore, a contextual biophysical and de-
mographic regional analysis can also provide the base to know what “type” of cir-
cularity must be addressed, since there are regions that face different problems de-
pending on their nutrient imbalances (net importers vs. net exporters).
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6.1 POCingex, SLUgev, and the Share of organic P input

The application on four European regions showed that the quality of Circularity,
following Tanzer et al.’s (2020) conceptualization, in Brandenburg, Denmark,
Brussel capital, and Switzerland is still of lower quality (class C). However, the
most intriguing finding of this study is that, although Denmark recovers less in
terms of P-quantities than Switzerland and Brandenburg (Circularity = 28,7 com-
pared to C = 50,1 and C = 44,5, respectively), the POCindex reveals that Denmark,
despite being less efficient, aligns more closely with CNE principles. This is re-
flected in Denmark’s relatively high POCindex 0f 49, compared to Switzerland’s 27,6
and Brandenburg’s 34. This method can be easily applied on other already existing
regional P-MFAs studies.

However, because of the very low score of Brussel capital, this study shows that
the application of the POCindex functions only on P-MFAs that present data for all
five major subsystems (crop production, livestock production, food and feed pro-
cessing, consumption, waste management).

SLUdev and organic P input aimed to assess livestock-marginal land connectivity
and regional potential contamination level. However, these two methods clearly
lack scientific and mathematical rigor, requiring further refinement. Nevertheless,
the SLUqev shows, all regions exceed marginal land capacity for feedstock produc-
tion, with Brandenburg (SLU4ev = 3,3) and Denmark (SLUdev = 6,8) being relatively
more self-sufficient than Brussel capital (SLUdev = 33,1) and Switzerland (SLUdev
=30,3). While this method offers a more detailed assessment considering the mar-
ginal land soil capacity, its reliance on literature-based averages limits its accuracy.

Regarding the regenerative and safety assessment, organic P inputs remain low
in Europe, with conventional sources dominating and raising potential contamina-
tion concerns. Even if organic farming is argued to be more secure (Gabriel et al.,
2010), this study recognizes that a broader assessment method is needed to evaluate
safety and toxicity more effectively.

55



References

Adesogan, A.T., Havelaar, A.H., McKune, S.L., Eilittd, M. & Dahl, G.E. (2020). Ani-
mal source foods: Sustainability problem or malnutrition and sustainability solu-
tion? Perspective matters. Global Food Security, 25, 100325.
https://doi.org/10.1016/].gfs.2019.100325

Amt fiir Statistik Berlin-Brandenburg (2024). Viehbestand und tierische Erzeugung.
https://www.statistik-berlin-brandenburg.de/land-und-forstwirtschaft ~ [2024-08-
22]

Aznar-Sanchez, J.A., Mendoza, J. M.F., Ingrao, C., Bezama, A., Nemecek, T. & Gallego-
Schmid, A. (2020). Indicators for Circular Economy in the Agri-food Sector. Re-
sources, Conservation and Recycling, 163, 105028.
https://doi.org/10.1016/j.resconrec.2020.105028

Befort, N. (2020). Going beyond definitions to understand tensions within the bioecon-
omy: The contribution of sociotechnical regimes to contested fields. Technological
Forecasting and Social Change, 153, 119923. https://doi.org/10.1016/j.tech-
fore.2020.119923

Berry, T. (1984). Bioregionalism: A Better Way to Understand Where You Live. The
Tarrytown Letter, No. 41: 2-5.

BMUYV (2024). Sewage Treatment Plant. https://www.bmuv.de/en/topics/water-man-
agement/overview-water-management/wastewater/sewage-treatment-plant [2024-
06-12]

BOLW, B.OL. e V. (BOLW) (2024). Branchen  Report 24.
https://www.boelw.de/themen/zahlen-fakten/lebensmittel/ [2024-08-21]

Bos, H.L. & Broeze, J. (2020). Circular bio-based production systems in the context of
current biomass and fossil demand. Biofuels, Bioproducts and Biorefining, 14 (2),
187—-197. https://doi.org/10.1002/bbb.2080

Buckwell, A. & Nadeu, E. (2016). Nutrient Recovery and Reuse (NRR) in European
agriculture. A review of the issues, opportunities, and actions. RISE Foundation.
www.risefoundation.eu [2024-01-20]

Bundesamt fiir Statistik (2018). Bevélkerungsentwicklung im Jahr 2018: vorldufige Er-
gebnisse. https://www.bfs.admin.ch/bfs/it/home/attualita/novita-sul-portale.asset-
detail.7927000.html [2025-05-25]

Bundesamt fiir Statistik (2023). Landwirtschaft, Strukturen. https://www.bfs.ad-
min.ch/bfs/de/home/statistiken/land-forstwirtschaft/landwirtschaft/strukturen.html
[2024-10-03]

Bundesamt  fiir ~ Statistik  (2024). Raum, Umwelt.  https://www.bfs.ad-
min.ch/bfs/de/home/statistiken/raum-umwelt.html [2024-10-03]

CIRCLE Economy (2023). The Circularity Gap. Closing the Circularity Gap in Swit-
zerland. (Version 1.0). https://www.circularity-gap.world/switzerland [2024-01-
20]

56


https://doi.org/10.1016/j.gfs.2019.100325
https://www.statistik-berlin-brandenburg.de/land-und-forstwirtschaft
https://doi.org/10.1016/j.resconrec.2020.105028
https://doi.org/10.1016/j.techfore.2020.119923
https://doi.org/10.1016/j.techfore.2020.119923
https://www.bmuv.de/en/topics/water-management/overview-water-management/wastewater/sewage-treatment-plant
https://www.bmuv.de/en/topics/water-management/overview-water-management/wastewater/sewage-treatment-plant
https://www.boelw.de/themen/zahlen-fakten/lebensmittel/
https://doi.org/10.1002/bbb.2080
https://doi.org/www.risefoundation.eu
https://www.bfs.admin.ch/bfs/it/home/attualita/novita-sul-portale.assetdetail.7927000.html
https://www.bfs.admin.ch/bfs/it/home/attualita/novita-sul-portale.assetdetail.7927000.html
https://www.bfs.admin.ch/bfs/de/home/statistiken/land-forstwirtschaft/landwirtschaft/strukturen.html
https://www.bfs.admin.ch/bfs/de/home/statistiken/land-forstwirtschaft/landwirtschaft/strukturen.html
https://www.bfs.admin.ch/bfs/de/home/statistiken/raum-umwelt.html
https://www.bfs.admin.ch/bfs/de/home/statistiken/raum-umwelt.html
https://www.circularity-gap.world/switzerland

Cobo, S., Dominguez-Ramos, A. & Irabien, A. (2018a). From linear to circular inte-
grated waste management systems: A review of methodological approaches. Re-
sources, Conservation and Recycling, 135, 279-295.
https://doi.org/10.1016/j.resconrec.2017.08.003

Cobo, S., Dominguez-Ramos, A. & Irabien, A. (2018b). Trade-Offs between Nutrient
Circularity and Environmental Impacts in the Management of Organic Waste. En-
vironmental — Science & Technology, 52 (19), 10923-10933.
https://doi.org/10.1021/acs.est.8b01590

Cordell, D., Neset, T.-S.S. & Prior, T. (2012). The phosphorus mass balance: identifying
‘hotspots’ in the food system as a roadmap to phosphorus security. Current Opinion
in Biotechnology, 23 (6), 839—845. https://doi.org/10.1016/j.copbio.2012.03.010

Cullen, J.M. (2017). Circular Economy: Theoretical Benchmark or Perpetual Motion
Machine?  Journal  of  Industrial  Ecology, 21  (3), 483-486.
https://doi.org/10.1111/jiec.12599

Davis, K.F., Rulli, M.C., Seveso, A. & D’Odorico, P. (2017). Increased food production
and reduced water use through optimized crop distribution. Nature Geoscience, 10
(12), 919-924. https://doi.org/10.1038/s41561-017-0004-5

De Boer, [.J.M. & Van Ittersum, M.K. (2018). Circularity in Agricultural Production.
Wageningen University & Research.

Di Maria, F. & Micale, C. (2015). Life cycle analysis of incineration compared to anaer-
obic digestion followed by composting for managing organic waste: the influence
of system components for an Italian district. The International Journal of Life Cycle
Assessment, 20 (3), 377-388. https://doi.org/10.1007/s11367-014-0833-7

D’Odorico, P., Carr, J.A., Laio, F., Ridolfi, L. & Vandoni, S. (2014). Feeding humanity
through  global food trade. Earth’s Future, 2 (9), 458-469.
https://doi.org/10.1002/2014EF000250

Elia, V., Gnoni, M.G. & Tornese, F. (2017). Measuring circular economy strategies
through index methods: A critical analysis. Journal of Cleaner Production, 142,
2741-2751. https://doi.org/10.1016/1.jclepro.2016.10.196

Ellen MacArthur Foundation (2015). Circularity Indicators. An Approach to Measuring
Circularity. https://www.ellenmacarthurfoundation.org/

EUROPEAN, C. (2020). COMMUNICATION FROM THE COMMISSION TO THE
EUROPEAN PARLIAMENT, THE COUNCIL, THE EUROPEAN ECONOMIC
AND SOCIAL COMMITTEE AND THE COMMITTEE OF THE REGIONS. A
new Circular Economy Action Plan. For a cleaner and more competitive Europe.
https://eur-lex.europa.eu/legal-con-
tent/EN/TXT/?qid=1583933814386&uri=COM:2020:98:FIN [2024-02-08]

European Environment Agency. (2016). Circular economy in Europe: developing the
knowledge base. Publications Office. https://data.europa.eu/doi/10.2800/51444
[2024-03-26]

Fader, M., Gerten, D., Krause, M., Lucht, W. & Cramer, W. (2013). Spatial decoupling
of agricultural production and consumption: quantifying dependences of countries
on food imports due to domestic land and water constraints. Environmental Re-
search Letters, 8 (1), 014046. https://doi.org/10.1088/1748-9326/8/1/014046

Fischer, G., Nachtergaele, F.O., van Velthuizen, H.T., Chiozza, F., Franceschini, G.,
Henry, M., Muchoney, D. & Tramberend, S. (2021). Global Agro-Ecological Zones
(GAEZ v4) Model Documentation. FAO & IIASA.

57


https://doi.org/10.1016/j.resconrec.2017.08.003
https://doi.org/10.1021/acs.est.8b01590
https://doi.org/10.1016/j.copbio.2012.03.010
https://doi.org/10.1111/jiec.12599
https://doi.org/10.1038/s41561-017-0004-5
https://doi.org/10.1007/s11367-014-0833-z
https://doi.org/10.1002/2014EF000250
https://doi.org/10.1016/j.jclepro.2016.10.196
https://www.ellenmacarthurfoundation.org/
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1583933814386&uri=COM:2020:98:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1583933814386&uri=COM:2020:98:FIN
https://data.europa.eu/doi/10.2800/51444
https://doi.org/10.1088/1748-9326/8/1/014046

Fischer, J., Manning, A.D., Steffen, W., Rose, D.B., Daniell, K., Felton, A., Garnett, S.,
Gilna, B., Heinsohn, R., Lindenmayer, D.B., MacDonald, B., Mills, F., Newell, B.,
Reid, J., Robin, L., Sherren, K. & Wade, A. (2007). Mind the sustainability gap.
Trends in Ecology & Evolution, 22 (12), 621-624.
https://doi.org/10.1016/j.tree.2007.08.016

Gabriel, D., M Sait, S., A Hodgson, J., Schmutz, U., Kunin, W.E. & Benton, T.G. (2010).
Scale matters: the impact of organic farming on biodiversity at different spatial
scales. 858—69. https://doi.org/10.1111/1.1461-0248.2010.01481 ..

Geissdoerfer, M., Savaget, P., Bocken, N.M.P. & Hultink, E.J. (2017). The Circular
Economy — A new sustainability paradigm? Journal of Cleaner Production, 143,
757-768. https://doi.org/10.1016/i.jclepro.2016.12.048

Geng, Y., Fu, J., Sarkis, J. & Xue, B. (2012). Towards a national circular economy indi-
cator system in China: an evaluation and critical analysis. Journal of Cleaner Pro-
duction, 23 (1), 216-224. https://doi.org/10.1016/j.jclepro.2011.07.005

Gerwin, W., Repmann, F., Galatsidas, S., Vlachaki, D., Gounaris, N., Baumgarten, W.,
Volkmann, C., Keramitzis, D., Kiourtsis, F. & Freese, D. (2018). Assessment and
quantification of marginal lands for biomass production in Europe using soil-qual-
ity indicators. SOIL, 4 (4), 267-290. https://doi.org/10.5194/s0il-4-267-2018

Goddin, J., Marshall, K., Pereira, A., Tuppen, C., Herrmann, S., Jones, S., Krieger, T.,
Lenges, C., Coleman, B., C. Jason Pierce, Iliefski-Janols, S., Veenendaal, R., Stoltz,
P., Ford, L., Goodman, T., Mariagiovanna Vetere, Mistry, M., Graichen, F., Nata-
rajan, A., Cockburn, D., Koski, O. & Sullens, W. (2019). Circularity Indicators: An
Approach to Measuring Circularity, Methodology.
https://doi.org/10.13140/RG.2.2.29213.84962

Godfray, H.C.J. & Garnett, T. (2014). Food security and sustainable intensification.
Philosophical Transactions of the Royal Society B: Biological Sciences, 369
(1639), 20120273. https://doi.org/10.1098/rstb.2012.0273

Gottschall, R., Thelen-Jiingling, M., Kranert, M. & Kehres, B. (2023). Suitability of Bio-
waste and Green Waste Composts for Organic Farming in Germany and the Result-
ing Utilization Potentials. Agriculture, 13 (3), 740. https://doi.org/10.3390/agricul-
ture13030740

Graedel, T.E. & Lifset, R.J. (2016). Industrial Ecology’s First Decade. In: Clift, R. &
Druckman, A. (eds) Taking Stock of Industrial Ecology. Springer International Pub-
lishing. 3—20. https://doi.org/10.1007/978-3-319-20571-7 1

Gutzler, C., Helming, K., Balla, D., Dannowski, R., Deumlich, D., Glemnitz, M.,
Knierim, A., Mirschel, W., Nendel, C., Paul, C., Sieber, S., Stachow, U., Starick,
A., Wieland, R., Wurbs, A. & Zander, P. (2015). Agricultural land use changes — a
scenario-based sustainability impact assessment for Brandenburg, Germany. Eco-
logical Indicators, 48, 505-517. https://doi.org/10.1016/j.ecolind.2014.09.004

Haas, W., Krausmann, F., Wiedenhofer, D. & Heinz, M. (2015). How Circular is the
Global Economy?: An Assessment of Material Flows, Waste Production, and Re-
cycling in the European Union and the World in 2005. Journal of Industrial Eco-
logy, 19 (5), 765-777. https://doi.org/10.1111/jiec.12244

Haas, W., Krausmann, F., Wiedenhofer, D., Lauk, C. & Mayer, A. (2020). Spaceship
earth’s odyssey to a circular economy - a century long perspective. Resources, Con-
servation and Recycling, 163, 105076. https://doi.org/10.1016/].rescon-
rec.2020.105076

58


https://doi.org/10.1016/j.tree.2007.08.016
https://doi.org/10.1111/j.1461-0248.2010.01481.x.
https://doi.org/10.1016/j.jclepro.2016.12.048
https://doi.org/10.1016/j.jclepro.2011.07.005
https://doi.org/10.5194/soil-4-267-2018
https://doi.org/10.13140/RG.2.2.29213.84962
https://doi.org/10.1098/rstb.2012.0273
https://doi.org/10.3390/agriculture13030740
https://doi.org/10.3390/agriculture13030740
https://doi.org/10.1007/978-3-319-20571-7_1
https://doi.org/10.1016/j.ecolind.2014.09.004
https://doi.org/10.1111/jiec.12244
https://doi.org/10.1016/j.resconrec.2020.105076
https://doi.org/10.1016/j.resconrec.2020.105076

Hanserud, O.S., Lyng, K.-A., Vries, J.W.D., Ogaard, A.F. & Brattebg, H. (2017). Redis-
tributing Phosphorus in Animal Manure from a Livestock-Intensive Region to an
Arable Region: Exploration of Environmental Consequences. Sustainability, 9 (4),
595. https://doi.org/10.3390/su9040595

Harder, R., Giampietro, M., Mullinix, K. & Smukler, S. (2021a). Assessing the circular-
ity of nutrient flows related to the food system in the Okanagan bioregion, BC Can-
ada. Resources, Conservation and  Recycling, 174, 105842.
https://doi.org/10.1016/].resconrec.2021.105842

Harder, R., Giampietro, M. & Smukler, S. (2021b). Towards a circular nutrient econ-
omy. A novel way to analyze the circularity of nutrient flows in food systems. Re-
sources, Conservation and Recycling, 172, 105693.
https://doi.org/10.1016/j.resconrec.2021.105693

Harder, R., Wielemaker, R., Molander, S. & Oberg, G. (2020). Reframing human excreta
management as part of food and farming systems. Water Research, 175, 115601.
https://doi.org/10.1016/j.watres.2020.115601

Haupt, M. & Hellweg, S. (2019). Measuring the environmental sustainability of a circu-
lar economy. Environmental and Sustainability Indicators, 1-2, 100005.
https://doi.org/10.1016/].indic.2019.100005

HéuBermann, U., Bach, M., Fuchs, S., Geupel, M., Heldstab, J., Klement, L., Knoll, L.,
Reutimann, J., Schéppi, B., Weber, T. & Breuer, L. (2021). National nitrogen
budget for Germany. Environmental Research Communications, 3 (9), 095004.
https://doi.org/10.1088/2515-7620/ac23e5

Hermann, B.G., Debeer, L., De Wilde, B., Blok, K. & Patel, M.K. (2011). To compost
or not to compost: Carbon and energy footprints of biodegradable materials’ waste
treatment. Polymer Degradation and Stability, 96 (6), 1159-1171.
https://doi.org/10.1016/j.polymdegradstab.2010.12.026

IBSA (2015). La Région Bruxelles-Capitale en chiffres

IFOAM & FIBL (2023). IFOAM Organics FEurope. https:/www.organ-
icseurope.bio/about-us/organic-in-europe/ [2024-10-04]

Isenhour, C., Haedicke, M., Berry, B., MacRae, J., Blackmer, T. & Horton, S. (2022).
Toxicants, entanglement, and mitigation in New England’s emerging circular econ-
omy for food waste. Journal of Environmental Studies and Sciences, 12 (2), 341—
353. https://doi.org/10.1007/s13412-021-00742-w

Ishangulyyev, R., Kim, S. & Lee, S. (2019). Understanding Food Loss and Waste—Why
Are We Losing and Wasting Food? Foods, 8 (8), 297.
https://doi.org/10.3390/foods8080297

Jin, S., Zhang, B., Wu, B., Han, D., Hu, Y., Ren, C., Zhang, C., Wei, X., Wu, Y., Mol,
A.P.J., Reis, S., Gu, B. & Chen, J. (2020). Decoupling livestock and crop produc-
tion at the household level in China. Nature Sustainability, 4 (1), 48-55.
https://doi.org/10.1038/s41893-020-00596-0

Johansson, N. & Krook, J. (2021). How to handle the policy conflict between resource
circulation and hazardous substances in the use of waste? Journal of Industrial
Ecology, 25 (4), 994—1008. https://doi.org/10.1111/jiec.13103

Kardung, M., Cingiz, K., Costenoble, O., Delahaye, R., Heijman, W., Lovri¢, M., Van
Leeuwen, M., M’Barek, R., Van Meijl, H., Piotrowski, S., Ronzon, T., Sauer, J.,
Verhoog, D., Verkerk, P.J., Vrachioli, M., Wesseler, J.JH.H. & Zhu, B.X. (2021).
Development of the Circular Bioeconomy: Drivers and Indicators. Sustainability,
13 (1), 413. https://doi.org/10.3390/sul3010413

59


https://doi.org/10.3390/su9040595
https://doi.org/10.1016/j.resconrec.2021.105842
https://doi.org/10.1016/j.resconrec.2021.105693
https://doi.org/10.1016/j.watres.2020.115601
https://doi.org/10.1016/j.indic.2019.100005
https://doi.org/10.1088/2515-7620/ac23e5
https://doi.org/10.1016/j.polymdegradstab.2010.12.026
https://www.organicseurope.bio/about-us/organic-in-europe/
https://www.organicseurope.bio/about-us/organic-in-europe/
https://doi.org/10.1007/s13412-021-00742-w
https://doi.org/10.3390/foods8080297
https://doi.org/10.1038/s41893-020-00596-0
https://doi.org/10.1111/jiec.13103
https://doi.org/10.3390/su13010413

Kaufmann, L., Mayer, A., Matej, S., Kalt, G., Lauk, C., Theurl, M.C. & Erb, K.-H.
(2022). Regional self-sufficiency: A multi-dimensional analysis relating agricul-
tural production and consumption in the European Union. Sustainable Production
and Consumption, 34, 12-25. https://doi.org/10.1016/1.spc.2022.08.014

Kirchherr, J., Reike, D. & Hekkert, M. (2017). Conceptualizing the circular economy:
An analysis of 114 definitions. Resources, Conservation and Recycling, 127, 221—
232. https://doi.org/10.1016/j.resconrec.2017.09.005

Kiselev, A.V., Magaril, E.R. & Rada, E.C. (2019). ENERGY AND SUSTAINABILITY
ASSESSMENT OF MUNICIPAL WASTEWATER TREATMENT UNDER CIR-
CULAR ECONOMY PARADIGM. Proceedings of ENERGY AND SUSTAINA-
BILITY 2019, Coimbra, Portugal, September 11 2019. 109-120.
https://doi.org/10.2495/ESUS190101

Klinglmair, M., Lemming, C., Jensen, L.S., Rechberger, H., Astrup, T.F. & Scheutz, C.
(2015). Phosphorus in Denmark: National and regional anthropogenic flows. Re-
sources, Conservation and Recycling, 105, 311-324.
https://doi.org/10.1016/].resconrec.2015.09.019

Klinglmair, M., Vadenbo, C., Astrup, T.F. & Scheutz, C. (2017). An MFA-based opti-
mization model for increased resource efficiency: Phosphorus flows in Denmark.
Resources, Conservation and Recycling, 122, 1-10.
https://doi.org/10.1016/j.resconrec.2017.01.012

Koppelmaiki, K., Helenius, J. & Schulte, R.P.O. (2021). Nested circularity in food sys-
tems: A Nordic case study on connecting biomass, nutrient and energy flows from
field scale to continent. Resources, Conservation and Recycling, 164, 105218.
https://doi.org/10.1016/].resconrec.2020.105218

Korhonen, J., Honkasalo, A. & Seppili, J. (2018). Circular Economy: The Concept and
its Limitations. Ecological Economics, 143, 37-46.
https://doi.org/10.1016/j.ecolecon.2017.06.041

Krause, A., von Hirschhausen, C., Schroder, E., Augustin, F., Hifner, F., Bornemann,
G., Sundermann, G., Korduan, J., Udert, K., Deutsch, L., Reinhardt, M.L., G6tzen-
berger, R., Hoffmann, S. & Becker-Sonnenschein, S. (2021). Ressourcen aus der
Schiissel sind der Schliissel. Diskussionspapier zur Sanitdr- und Ndhrstoffwende:
Wertstoffe  zirkulieren, Wasser sparen und Schadstoffe eliminieren.
www.naehrstoffwende.org [2024-01-20]

Kupper, T., Biirge, D., Bachmann, H.J., Giisewell, S. & Mayer, J. (2014). Heavy metals
in source-separated compost and digestates. Waste Management, 34 (5), 867-874.
https://doi.org/10.1016/;.wasman.2014.02.007

Kusumo, F., Mahlia, T.M.I., Pradhan, S., Ong, H.C., Silitonga, A.S., Fattah, LM.R.,
Nghiem, L.D. & Mofijur, M. (2022). A framework to assess indicators of the cir-
cular economy in biological systems. Environmental Technology & Innovation, 28,
102945. https://doi.org/10.1016/j.et1.2022.102945

Le Nog, J., Billen, G. & Garnier, J. (2017). How the structure of agro-food systems
shapes nitrogen, phosphorus, and carbon fluxes: The generalized representation of
agro-food system applied at the regional scale in France. Science of The Total En-
vironment, 586, 42-55. https://doi.org/10.1016/j.scitotenv.2017.02.040

Lehmann, H., Hinske, C., De Margerie, V. & Slaveikova Nikolova, A. (2022). The Im-
possibilities of the Circular Economy: Separating Aspirations from Reality. 1. ed
Routledge. https://doi.org/10.4324/9781003244196

60


https://doi.org/10.1016/j.spc.2022.08.014
https://doi.org/10.1016/j.resconrec.2017.09.005
https://doi.org/10.2495/ESUS190101
https://doi.org/10.1016/j.resconrec.2015.09.019
https://doi.org/10.1016/j.resconrec.2017.01.012
https://doi.org/10.1016/j.resconrec.2020.105218
https://doi.org/10.1016/j.ecolecon.2017.06.041
https://doi.org/www.naehrstoffwende.org
https://doi.org/10.1016/j.wasman.2014.02.007
https://doi.org/10.1016/j.eti.2022.102945
https://doi.org/10.1016/j.scitotenv.2017.02.040
https://doi.org/10.4324/9781003244196

Limeneh, D.Y., Tesfaye, T., Ayele, M., Husien, N.M., Ferede, E., Haile, A., Mengie,
W., Abuhay, A., Gelebo, G.G., Gibril, M. & Kong, F. (2022). A Comprehensive
Review on Utilization of Slaughterhouse By-Product: Current Status and Prospect.
Sustainability, 14 (11), 6469. https://doi.org/10.3390/sul14116469

Linderholm, K., Tillman, A.-M. & Mattsson, J.E. (2012). Life cycle assessment of phos-
phorus alternatives for Swedish agriculture. Resources, Conservation and Recy-
cling, 66, 27-39. https://doi.org/10.1016/j.resconrec.2012.04.006

Liobikiene, G., Balezentis, T., Streimikiene, D. & Chen, X. (2019). Evaluation of bioe-
conomy in the context of strong sustainability. Sustainable Development, 27 (5),
955-964. https://doi.org/10.1002/sd.1984

Loiseau, E., Saikku, L., Antikainen, R., Droste, N., Hansjiirgens, B., Pitkdnen, K., Le-
skinen, P., Kuikman, P. & Thomsen, M. (2016). Green economy and related con-
cepts: An overview. Journal of Cleaner Production, 139, 361-371.
https://doi.org/10.1016/].jclepro.2016.08.024

Magid, J., Pedersen, K.E., Hansen, M., Cedergreen, N. & Brandt, K.K. (2020). Compar-
ative assessment of the risks associated with use of manure and sewage sludge in
Danish agriculture. In: Advances in Agronomy. Elsevier. 289-334.
https://doi.org/10.1016/bs.agron.2020.06.006

McConville, J., Drangert, J.-O., Tiddker, P., Neset, T.-S., Rauch, S., Strid, I. & Ton-
derski, K. (2015). Closing the food loops: guidelines and criteria for improving nu-
trient management. Sustainability: Science, Practice and Policy, 11 (2), 33-43.
https://doi.org/10.1080/15487733.2015.11908144

Mehr, J., Jedelhauser, M. & Binder, C. (2018). Transition of the Swiss Phosphorus Sys-
tem towards a Circular Economy—Part 1: Current State and Historical Develop-
ments. Sustainability, 10 (5), 1479. https://doi.org/10.3390/sul0051479

Moraga, G., Huysveld, S., Mathieux, F., Blengini, G.A., Alaerts, L., Van Acker, K., De
Meester, S. & Dewulf, J. (2019). Circular economy indicators: What do they meas-
ure?  Resources, Conservation  and  Recycling, 146,  452-461.
https://doi.org/10.1016/j.resconrec.2019.03.045

Morseletto, P. (2020). Restorative and regenerative: Exploring the concepts in the circu-
lar  economy. Journal of Industrial Ecology, 24 (4), 763-773.
https://doi.org/10.1111/jiec.12987

Muscat, A., De Olde, E.M., De Boer, [.J.M. & Ripoll-Bosch, R. (2020). The battle for
biomass: A systematic review of food-feed-fuel competition. Global Food Security,
25, 100330. https://doi.org/10.1016/5.2fs.2019.100330

Muscat, A., De Olde, E.M., Ripoll-Bosch, R., Van Zanten, H.H.E., Metze, T.A.P.,
Termeer, C.J.A.M., Van Ittersum, M.K. & De Boer, [.J.M. (2021). Principles, driv-
ers and opportunities of a circular bioeconomy. Nature Food, 2 (8), 561-566.
https://doi.org/10.1038/s43016-021-00340-7

Nagy, J., Mikola, A., Pradhan, S.K. & Zseni, A. (2019). The Utilization of Struvite Pro-
duced from Human Urine in Agriculture as a Natural Fertilizer: A Review. Perio-
dica Polytechnica Chemical  Engineering, 63 (3), 478-484.
https://doi.org/10.3311/PPch.12689

Navare, K., Muys, B., Vrancken, K.C. & Van Acker, K. (2021). Circular economy mon-
itoring — How to make it apt for biological cycles? Resources, Conservation and
Recycling, 170, 105563. https://doi.org/10.1016/j.resconrec.2021.105563

61


https://doi.org/10.3390/su14116469
https://doi.org/10.1016/j.resconrec.2012.04.006
https://doi.org/10.1002/sd.1984
https://doi.org/10.1016/j.jclepro.2016.08.024
https://doi.org/10.1016/bs.agron.2020.06.006
https://doi.org/10.1080/15487733.2015.11908144
https://doi.org/10.3390/su10051479
https://doi.org/10.1016/j.resconrec.2019.03.045
https://doi.org/10.1111/jiec.12987
https://doi.org/10.1016/j.gfs.2019.100330
https://doi.org/10.1038/s43016-021-00340-7
https://doi.org/10.3311/PPch.12689
https://doi.org/10.1016/j.resconrec.2021.105563

Nesme, T. & Withers, P.J.A. (2016). Sustainable strategies towards a phosphorus circu-
lar economy. Nutrient Cycling in Agroecosystems, 104 (3), 259-264.
https://doi.org/10.1007/s10705-016-9774-1

Newkirk, A.V. (1975). Bioregions: Towards Bioregional Strategy for Human Cultures.
Environmental Conservation, 2 (2), 108-108.
https://doi.org/10.1017/S0376892900001004

Nguyen, L.N., Kumar, J., Vu, M.T., Mohammed, J.A.H., Pathak, N., Commault, A.S.,
Sutherland, D., Zdarta, J., Tyagi, V.K. & Nghiem, L.D. (2021). Biomethane pro-
duction from anaerobic co-digestion at wastewater treatment plants: A critical re-
view on development and innovations in biogas upgrading techniques. Science of
The Total  Environment, 765, 142753. https://doi.org/10.1016/].sci-
totenv.2020.142753

Niero, M. & Kalbar, P.P. (2019). Coupling material circularity indicators and life cycle
based indicators: A proposal to advance the assessment of circular economy strate-
gies at the product level. Resources, Conservation and Recycling, 140, 305-312.
https://doi.org/10.1016/j.resconrec.2018.10.002

Nordahl, S.L., Preble, C.V., Kirchstetter, T.W. & Scown, C.D. (2023). Greenhouse Gas
and Air Pollutant Emissions from Composting. Environmental Science & Technol-
ogy, 57 (6), 2235-2247. https://doi.org/10.1021/acs.est.2c05846

Notarnicola, B., Sala, S., Anton, A., McLaren, S.J., Saouter, E. & Sonesson, U. (2017).
The role of life cycle assessment in supporting sustainable agri-food systems: A
review of the challenges. Journal of Cleaner Production, 140, 399—-409.
https://doi.org/10.1016/].jclepro.2016.06.071

Obalum, S.E., Chibuike, G.U., Peth, S. & Ouyang, Y. (2017). Soil organic matter as sole
indicator of soil degradation. Environmental Monitoring and Assessment, 189 (4),
176. https://doi.org/10.1007/s10661-017-5881-y

OECD (2008). MEASURING MATERIAL FLOWS AND RESOURCE PRODUCTIVITY.
(The OECD, Volume 1). https://www.oecd.org/environment/indicators-modelling-
outlooks/MFA-Guide.pdf

Papangelou, A., Achten, W.M.J. & Mathijs, E. (2020). Phosphorus and energy flows
through the food system of Brussels Capital Region. Resources, Conservation and
Recycling, 156, 104687. https://doi.org/10.1016/j.resconrec.2020.104687

Papangelou, A. & Mathijs, E. (2021). Assessing agro-food system circularity using nu-
trient flows and budgets. Journal of Environmental Management, 288, 112383.
https://doi.org/10.1016/j.jenvman.2021.112383

Papargyropoulou, E., Lozano, R., K. Steinberger, J., Wright, N. & Ujang, Z.B. (2014).
The food waste hierarchy as a framework for the management of food surplus and
food  waste.  Journal of  Cleaner  Production, 76, 106-115.
https://doi.org/10.1016/j.jclepro.2014.04.020

Pecher, C., Marsoner, T. & Tasser, E. (2024). Regional food self-sufficiency potential
in the European Alpine space. Scientific Reports, 14 (1), 9527.
https://doi.org/10.1038/s41598-024-60010-z

Pires, A. & Martinho, G. (2019). Waste hierarchy index for circular economy in waste
management. Waste Management, 95, 298-305. https://doi.org/10.1016/j.was-
man.2019.06.014

Poore, J. & Nemecek, T. (2018). Reducing food’s environmental impacts through pro-
ducers and consumers. Science, 360 (6392), 987-992. https://doi.org/10.1126/sci-

ence.aaq0216

62


https://doi.org/10.1007/s10705-016-9774-1
https://doi.org/10.1017/S0376892900001004
https://doi.org/10.1016/j.scitotenv.2020.142753
https://doi.org/10.1016/j.scitotenv.2020.142753
https://doi.org/10.1016/j.resconrec.2018.10.002
https://doi.org/10.1021/acs.est.2c05846
https://doi.org/10.1016/j.jclepro.2016.06.071
https://doi.org/10.1007/s10661-017-5881-y
https://www.oecd.org/environment/indicators-modelling-outlooks/MFA-Guide.pdf
https://www.oecd.org/environment/indicators-modelling-outlooks/MFA-Guide.pdf
https://doi.org/10.1016/j.resconrec.2020.104687
https://doi.org/10.1016/j.jenvman.2021.112383
https://doi.org/10.1016/j.jclepro.2014.04.020
https://doi.org/10.1038/s41598-024-60010-z
https://doi.org/10.1016/j.wasman.2019.06.014
https://doi.org/10.1016/j.wasman.2019.06.014
https://doi.org/10.1126/science.aaq0216
https://doi.org/10.1126/science.aaq0216

Poponi, S., Arcese, G., Pacchera, F. & Martucci, O. (2022). Evaluating the transition to
the circular economy in the agri-food sector: Selection of indicators. Resources,
Conservation and Recycling, 176, 105916.
https://doi.org/10.1016/].resconrec.2021.105916

Preisner, M., Smol, M., Horttanainen, M., Deviatkin, 1., Havukainen, J., Klavins, M.,
Ozola-Davidane, R., Kruopien¢, J., Szatkowska, B., Appels, L., Houtmeyers, S. &
Roosalu, K. (2022). Indicators for resource recovery monitoring within the circular
economy model implementation in the wastewater sector. Journal of Environmen-
tal Management, 304, 114261. https://doi.org/10.1016/j.jenvman.2021.114261

Qi, A., Whatford, L., Payne-Gifford, S., Cooke, R., Van Winden, S., Hisler, B. & Bar-
ling, D. (2023). Can 100% Pasture-Based Livestock Farming Produce Enough Ru-
minant Meat to Meet the Current Consumption Demand in the UK? Grasses, 2 (3),
185-206. https://doi.org/10.3390/grasses2030015

Reijnders, L. (2014). Phosphorus resources, their depletion and conservation, a review.
Resources, Conservation and Recycling, 93, 32-49.
https://doi.org/10.1016/].resconrec.2014.09.006

Rufi-Salis, M., Petit-Boix, A., Villalba, G., Gabarrell, X. & Leipold, S. (2021). Combin-
ing LCA and circularity assessments in complex production systems: the case of
urban agriculture. Resources, Conservation and Recycling, 166, 105359.
https://doi.org/10.1016/].resconrec.2020.105359

Saidani, M., Yannou, B., Leroy, Y., Cluzel, F. & Kendall, A. (2019). A taxonomy of
circular economy indicators. Journal of Cleaner Production, 207, 542-559.
https://doi.org/10.1016/j.iclepro.2018.10.014

Salguero-Puerta, L., Leyva-Diaz, J.C., Cortés-Garcia, F.J. & Molina-Moreno, V. (2019).
Sustainability Indicators Concerning Waste Management for Implementation of the
Circular Economy Model on the University of Lome (Togo) Campus. International
Journal of Environmental Research and Public Health, 16 (12), 2234.
https://doi.org/10.3390/ijerph16122234

Scarlat, N., Dallemand, J.-F. & Fahl, F. (2018). Biogas: Developments and perspectives
in Europe. Renewable Energy, 129, 457-472.
https://doi.org/10.1016/j.renene.2018.03.006

Schmidt Rivera, X.C., Gallego-Schmid, A., Najdanovic-Visak, V. & Azapagic, A.
(2020). Life cycle environmental sustainability of valorisation routes for spent cof-
fee grounds: From waste to resources. Resources, Conservation and Recycling, 157,
104751. https://doi.org/10.1016/j.resconrec.2020.104751

Seeger, M. (2023). Agricultural Soil Degradation in Germany. In: Pereira, P., Mufioz-
Rojas, M., Bogunovic, L., & Zhao, W. (eds) Impact of Agriculture on Soil Degra-
dation 1I. Springer International Publishing. 87-103.
https://doi.org/10.1007/698 2022 948

Senthilkumar, K., Mollier, A., Delmas, M., Pellerin, S. & Nesme, T. (2014). Phosphorus
recovery and recycling from waste: An appraisal based on a French case study.
Resources, Conservation and Recycling, 87, 97-108.
https://doi.org/10.1016/j.resconrec.2014.03.005

Shaddel, S., Ucar, S., Andreassen, J.-P. & Osterhus, S.W. (2019). Enhancing efficiency
and economics of phosphorus recovery process by customizing the product based
on sidestream characteristics — an alternative phosphorus recovery strategy. Water
Science and Technology, 79 (9), 1777-1789. https://doi.org/10.2166/wst.2019.178

63


https://doi.org/10.1016/j.resconrec.2021.105916
https://doi.org/10.1016/j.jenvman.2021.114261
https://doi.org/10.3390/grasses2030015
https://doi.org/10.1016/j.resconrec.2014.09.006
https://doi.org/10.1016/j.resconrec.2020.105359
https://doi.org/10.1016/j.jclepro.2018.10.014
https://doi.org/10.3390/ijerph16122234
https://doi.org/10.1016/j.renene.2018.03.006
https://doi.org/10.1016/j.resconrec.2020.104751
https://doi.org/10.1007/698_2022_948
https://doi.org/10.1016/j.resconrec.2014.03.005
https://doi.org/10.2166/wst.2019.178

Statbel (2024). Land use. https://statbel.fgov.be/en/themes/environment/land-cover-
and-use/land-use#news [2024-10-03]

Statistics Denmark (2023). Development in utilised agricultural area.
https://www.dst.dk/en/Statistik/emner/erhvervsliv/landbrug-gartneri-og-skov-
brug/det-dyrkede-areal [2024-10-03]

Stumpf, F., Keller, A., Schmidt, K., Mayr, A., Gubler, A. & Schaepman, M. (2018).
Spatio-temporal land use dynamics and soil organic carbon in Swiss agroecosys-
tems.  Agriculture,  Ecosystems &  Environment, 258, 129-142.
https://doi.org/10.1016/j.agee.2018.02.012

Tanzer, J. & Rechberger, H. (2019). Setting the Common Ground: A Generic Frame-
work for Material Flow Analysis of Complex Systems. Recycling, 4 (2), 23.
https://doi.org/10.3390/recycling4020023

Tanzer, J. & Rechberger, H. (2020). Complex system, simple indicators: Evaluation of
circularity and statistical entropy as indicators of sustainability in Austrian nutrient
management. Resources, Conservation and Recycling, 162, 104961.
https://doi.org/10.1016/].resconrec.2020.104961

Tavakoli-Hashjini, E., Piorr, A., Miiller, K. & Vicente-Vicente, J.L. (2020). Potential
Bioenergy Production from Miscanthus x giganteus in Brandenburg: Producing Bi-
oenergy and Fostering Other Ecosystem Services while Ensuring Food Self-Suffi-
ciency in the Berlin-Brandenburg Region. Sustainability, 12 (18), 7731.
https://doi.org/10.3390/sul2187731

Theobald, T.F.H., Schipper, M. & Kern, J. (2016). Phosphorus flows in Berlin-Branden-
burg, a regional flow analysis. Resources, Conservation and Recycling, 112, 1-14.
https://doi.org/10.1016/].resconrec.2016.04.008

Torrijos, M. (2016). State of Development of Biogas Production in Europe. Procedia
Environmental Sciences, 35, 881-889.
https://doi.org/10.1016/1.proenv.2016.07.043

Trading Economics (2024). Production of meat. https:/tradingeconomics.com/den-
mark/production-of-meat-cattle-eurostat-data.html [2024-10-03]

Valve, H., Ekholm, P. & Luostarinen, S. (2020). The circular nutrient economy: needs
and potentials of nutrient recycling. In: Brandao, M., Lazarevic, D., & Finnveden,
G. (eds) Handbook of the Circular Economy. Edward Elgar Publishing.
https://doi.org/10.4337/9781788972727.00037

Van Der Wiel, B.Z., Weijma, J., Van Middelaar, C.E., Kleinke, M., Buisman, C.J.N. &
Wichern, F. (2021). Restoring nutrient circularity in a nutrient-saturated area in
Germany requires systemic change. Nutrient Cycling in Agroecosystems, 121 (2—
3), 209-226. https://doi.org/10.1007/s10705-021-10172-3

Van Ewijk, S. & Stegemann, J.A. (2016). Limitations of the waste hierarchy for achiev-
ing absolute reductions in material throughput. Journal of Cleaner Production, 132,
122—-128. https://doi.org/10.1016/j.jclepro.2014.11.051

Van Hal, O., De Boer, 1.J.M., Muller, A., De Vries, S., Erb, K.-H., Schader, C., Gerrits,
W.J.J. & Van Zanten, H.H.E. (2019). Upcycling food leftovers and grass resources
through livestock: Impact of livestock system and productivity. Journal of Cleaner
Production, 219, 485-496. https://doi.org/10.1016/j.jclepro.2019.01.329

Van Zanten, H.H.E., Herrero, M., Van Hal, O., R60s, E., Muller, A., Garnett, T., Gerber,
P.J., Schader, C. & De Boer, I.J.M. (2018). Defining a land boundary for sustaina-
ble livestock consumption. Global Change Biology, 24 (9), 4185-4194.
https://doi.org/10.1111/gcb.14321

64


https://statbel.fgov.be/en/themes/environment/land-cover-and-use/land-use#news
https://statbel.fgov.be/en/themes/environment/land-cover-and-use/land-use#news
https://www.dst.dk/en/Statistik/emner/erhvervsliv/landbrug-gartneri-og-skovbrug/det-dyrkede-areal
https://www.dst.dk/en/Statistik/emner/erhvervsliv/landbrug-gartneri-og-skovbrug/det-dyrkede-areal
https://doi.org/10.1016/j.agee.2018.02.012
https://doi.org/10.3390/recycling4020023
https://doi.org/10.1016/j.resconrec.2020.104961
https://doi.org/10.3390/su12187731
https://doi.org/10.1016/j.resconrec.2016.04.008
https://doi.org/10.1016/j.proenv.2016.07.043
https://tradingeconomics.com/denmark/production-of-meat-cattle-eurostat-data.html
https://tradingeconomics.com/denmark/production-of-meat-cattle-eurostat-data.html
https://doi.org/10.4337/9781788972727.00037
https://doi.org/10.1007/s10705-021-10172-3
https://doi.org/10.1016/j.jclepro.2014.11.051
https://doi.org/10.1016/j.jclepro.2019.01.329
https://doi.org/10.1111/gcb.14321

Van Zanten, H.H.E., Mollenhorst, H., Klootwijk, C.W., Van Middelaar, C.E. & De Boer,
[.J.M. (2016). Global food supply: land use efficiency of livestock systems. The
International  Journal of Life Cycle Assessment, 21 (5), 747-758.
https://doi.org/10.1007/s11367-015-0944-1

Van Zanten, HH.E., Simon, W., Van Selm, B., Wacker, J., Maindl, T.I., Frehner, A.,
Hijbeek, R., Van Ittersum, M.K. & Herrero, M. (2023). Circularity in Europe
strengthens the sustainability of the global food system. Nature Food, 4 (4), 320—
330. https://doi.org/10.1038/s43016-023-00734-9

Vanden Nest, T., Amery, F., Fryda, L., Boogaerts, C., Bilbao, J. & Vandecasteele, B.
(2021). Renewable P sources: P use efficiency of digestate, processed animal ma-
nure, compost, biochar and struvite. Science of The Total Environment, 750,
141699. https://doi.org/10.1016/j.scitotenv.2020.141699

Vasa, L., Angeloska, A., Szent Istvan University, Trendov, N.M., & Szent Istvan Uni-
versity (2018). Comparative analysis of circular agriculture development in se-
lected Western Balkan countries based on sustainable performance indicators. Eco-
nomic Annals-XXI, 168 (11-12), 44—47. https://doi.org/10.21003/ea.V168-09

Velasco-Muioz, J.F., Mendoza, J.M.F., Aznar-Sanchez, J.A. & Gallego-Schmid, A.
(2021). Circular economy implementation in the agricultural sector: Definition,
strategies and indicators. Resources, Conservation and Recycling, 170, 105618.
https://doi.org/10.1016/].resconrec.2021.105618

Verberne, J.J.H. (2016). Building circularity indicators an approach for measuring cir-
cularity of a building. Eindhoven University of Technology. https://re-
search.tue.nl/en/studentTheses/8fb5165b-563e-4413-b27d-edade8ff334d  [2024-
01-20]

Vert, M., Doi, Y., Hellwich, K.-H., Hess, M., Hodge, P., Kubisa, P., Rinaudo, M. &
Schué, F. (2012). Terminology for biorelated polymers and applications (IUPAC
Recommendations 2012). Pure and Applied Chemistry, 84 (2), 377-410.
https://doi.org/10.1351/PAC-REC-10-12-04

Vural Gursel, L., Elbersen, B. & Meesters, K.P.H. (2023). Monitoring circular biobased
economy — Systematic review of circularity indicators at the micro level. Re-
sources, Conservation and Recycling, 197, 107104.
https://doi.org/10.1016/]j.resconrec.2023.107104

Weidner, T., Graga, J., Machado, T. & Yang, A. (2020). Comparison of local and cen-
tralized biowaste management strategies — A spatially-sensitive approach for the
region of Porto. Waste Management, 118, 552-562. https://doi.org/10.1016/j.was-
man.2020.09.013

Werner, K.A., Poehlein, A., Schneider, D., El-Said, K., Wohrmann, M., Linkert, I., Hiib-
ner, T., Briiggemann, N., Prost, K., Daniel, R. & Grohmann, E. (2022). Thermo-
philic Composting of Human Feces: Development of Bacterial Community Com-
position and Antimicrobial Resistance Gene Pool. Frontiers in Microbiology, 13,
824834, https://doi.org/10.3389/fmicb.2022.824834

Westhoek, H., Lesschen, J.P., Rood, T., Wagner, S., De Marco, A., Murphy-Bokern, D.,
Leip, A., Van Grinsven, H., Sutton, M.A. & Oenema, O. (2014). Food choices,
health and environment: Effects of cutting Europe’s meat and dairy intake. Global
Environmental ~ Change, 26, 196-205.  https://doi.org/10.1016/j.gloen-
vcha.2014.02.004

Yuille, A., Rothwell, S., Blake, L., Forber, K.J., Marshall, R., Rhodes, R., Waterton, C.
& Withers, P.J.A. (2022). UK Government Policy and the Transition to a Circular

65


https://doi.org/10.1007/s11367-015-0944-1
https://doi.org/10.1038/s43016-023-00734-9
https://doi.org/10.1016/j.scitotenv.2020.141699
https://doi.org/10.21003/ea.V168-09
https://doi.org/10.1016/j.resconrec.2021.105618
https://research.tue.nl/en/studentTheses/8fb5165b-563e-44f3-b27d-edade8ff334d
https://research.tue.nl/en/studentTheses/8fb5165b-563e-44f3-b27d-edade8ff334d
https://doi.org/10.1351/PAC-REC-10-12-04
https://doi.org/10.1016/j.resconrec.2023.107104
https://doi.org/10.1016/j.wasman.2020.09.013
https://doi.org/10.1016/j.wasman.2020.09.013
https://doi.org/10.3389/fmicb.2022.824834
https://doi.org/10.1016/j.gloenvcha.2014.02.004
https://doi.org/10.1016/j.gloenvcha.2014.02.004

Nutrient Economy. Sustainability, 14 (6), 3310.
https://doi.org/10.3390/su14063310

Zabaniotou, A. (2018). Redesigning a bioenergy sector in EU in the transition to circular
waste-based Bioeconomy-A multidisciplinary review. Journal of Cleaner Product-
ion, 177, 197-206. https://doi.org/10.1016/1.jclepro.2017.12.172

Zasada, 1., Schmutz, U., Wascher, D., Kneafsey, M., Corsi, S., Mazzocchi, C., Monaco,
F., Boyce, P., Doernberg, A., Sali, G. & Piorr, A. (2019). Food beyond the city —
Analysing foodsheds and self-sufficiency for different food system scenarios in Eu-
ropean metropolitan regions. City, Culture and Society, 16, 25-35.
https://doi.org/10.1016/j.ccs.2017.06.002

Zhou, H., Margenot, A.J., Zheng, W., Wardropper, C.B., Cusick, R.D. & Bhattarai, R.
(2023). Advancing circular nutrient economy to achieve benefits beyond nutrient
loss reduction in the Mississippi/Atchafalaya River basin. Journal of Soil and Wa-
ter Conservation, 78 (4), 82A-84A. https://doi.org/10.2489/jswc.2023.0323 A

66


https://doi.org/10.3390/su14063310
https://doi.org/10.1016/j.jclepro.2017.12.172
https://doi.org/10.1016/j.ccs.2017.06.002
https://doi.org/10.2489/jswc.2023.0323A

Popular science summary

Biological resources are essential for humans. On the other hand, organic waste like
sludge from wastewater treatment plants, or food waste, can be upcycled into new
products or used as fertiliser, which is ultimately also beneficial for soils to build
up humus and regenerate. The idea of a Circular Nutrient Economy (CNE) is gain-
ing attention as the world seeks to reduce organic waste and make better use of
biological resources. Instead of following a “linear system”, where materials are
either misused (energy made with edible crops or nutrients lost in emissions) or
used once and landfilled, CNE focuses on prioritizing the use of resources and re-
using nutrients as much as possible to minimize environmental harm and reduce
dependence on imports.

Researchers have explored different ways to measure how well regions are
adopting CNE principles, but there’s no universal agreement on the best approach.
This study reviews existing methods and proposes a new framework to assess nu-
trient circularity in different regions. To test this method, this study applies the new
developed framework and method to four locations in Europe: Brandenburg (Ger-
many), Denmark, Brussels-Capital, and Switzerland.

This study identifies three criteria that need to be acknowledged in regional cir-
cular nutrient economies, including reducing nutrient losses, which also aims at
reducing eutrophication (nutrient-driven pollution of waterbodies and land), reus-
ing materials, ensuring safety of consumption goods, using biological resources in
respect to the local context, and relying more on renewable energy.

To measure progress towards these listed goals, this study developed the Phos-
phorus Output Circularity Index (POCindex), which grades how well a region retains
and reuses phosphorus, an essential nutrient for agriculture. This method works like
ABCD-rating labels which already exist, for example labels used to rate the nutri-
tion degree of food products. Unfortunately, all four regions received a C score,
indicating room for significant improvement (A represents the highest class with
more regional benefits from a CNE perspective).

Organic farms produce pesticide-free goods and only use manure or compost as
fertilizer. One major issue highlighted in this study is that only about 10% of food
products in the studied regions come from organic farming, which raises concerns
about safety of derived organic waste potentially reusable at the European level.
Furthermore, this study used an indicator (SLUGdev) to better understand the limit of
livestock production fed with local marginal land (soils that cannot be used for crop
production). It was shown that all regions still rely heavily on imported animal feed,
making them vulnerable to supply disruptions and not in line with CNE goals.

In conclusion, this study acknowledges limitations in current definitions of CNE
and the herein developed indicators. Nevertheless, research and policymakers need
standardized ways to measure nutrient circularity. In this way relevant decision
makers will be able to apply indicators to tackle a more sustainable, efficient, and
circular approach to managing nutrients at regional and global levels.
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(Data (FAO, 2021); P content (NRC, 2005) & (Tampio, et al., 2015). The graphical representation

of the masses for Brandenburg region was facilitated by the latest version of the software STAN

(version 2.7.101) available under: www.stan2web.net.
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