G Lot
¢ University

Circular Economy for Phosphorus Supply Chain and its Impact on
Social Sustainable Development Goals

El Wali Mohammad, Rahimpour Golroudbary Saeed, Kraslawski Andrzej

This is a Author's accepted manuscript (AAM) version of a publication

published by Elsevier

in Science of the Total Environment

DOI: 10.1016/j.scitotenv.2021.146060

Copyright of the original publication:
© 2021 Elsevier B.V.

Please cite the publication as follows:

M. El Wali, S.R. Golroudbary and A. Kraslawski, Circular Economy for Phosphorus Supply Chain
and its Impact on Social Sustainable Development Goals, Science of the Total Environment
(2021), https://doi.org/10.1016/j.scitotenv.2021.146060

This is a parallel published version of an original publication.
This version can differ from the original published article.



Journal Pre-proof

SCience OF THE
Total Environment

Circular Economy for Phosphorus Supply Chain and its Impact on
Social Sustainable Development Goals

Mohammad EI Wali, Saeed Rahimpour Golroudbary, Andrzej
Kraslawski

PII: S0048-9697(21)01127-X

DOI: https://doi.org/10.1016/j.scitotenv.2021.146060
Reference: STOTEN 146060

To appear in: Science of the Total Environment

Received date: 25 November 2020

Revised date: 14 February 2021

Accepted date: 19 February 2021

Please cite this article as: M. El Wali, S.R. Golroudbary and A. Kraslawski, Circular
Economy for Phosphorus Supply Chain and its Impact on Social Sustainable Development
Goals, Science of the Total Environment (2021), https://doi.org/10.1016/
j.scitotenv.2021.146060

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2021 Published by Elsevier.


https://doi.org/10.1016/j.scitotenv.2021.146060
https://doi.org/10.1016/j.scitotenv.2021.146060
https://doi.org/10.1016/j.scitotenv.2021.146060

Circular Economy for Phosphorus Supply Chain and its Impact on Social
Sustainable Development Goals

Mohammad El Wali®*, Saeed Rahimpour Golroudbary®”, Andrzej Kraslawski® °
#School of Engineering Science, Industrial Engineering and Management (IEM), Lappeenranta-Lahti University of
Technology (LUT University), P.O. Box 20, FI-53851 Lappeenranta, Finland.

® Faculty of Process and Environmental Engineering, Lodz University of Technology, ul. Wolczanska 213, 90-924
Lodz, Poland.

ABSTRACT

To be able to grow crops, we have interfered with Earth's reserves o7 v.e of top three essential elements,
phosphorus (P), as to which we face a problem related to its high consum tiu, compared to available resources. This
forces us to follow the alternative of closing the phosphorus loop fro. ~ a circular economy perspective. However,
there is a lack of research on regional and global social sustaina.ility in this area, as emphasized in the United
Nations” Agenda 2030 goals for sustainable development. n “ais paper, we address social challenges involved in
global phosphorus supply chain, such as eradicati~> pc rerty, child labor and malnutrition; promoting gender
equality; providing decent work and economic gru +th; maintaining sustainable water use; and achieving food
security. Our research is driven by the questio, of whether the circular economy aims to direct phosphorus
management towards tackling social issue~ ass »~’ated with its supply chain. We use system dynamics modelling by
combining the concept of material flevv an.'ysis and social life cycle assessment. Detailed analysis at regional and
global levels indicates a paradcvical social impact of phosphorus circular model. This reflects the multiple
stakeholders involved, anA th. regional interactions with phosphorus circular economy transitions. Improvements
can be demonstrated in reducin j poverty and providing safer work environment in many regions, e.g., Western Asia
(93%), New Zealand, Central Asia, and Europe (44-61%), while achieving employment targets is limited in
Northern and Eastern Europe. Circular model fails to promote gender equality, it also exacerbates exploitative child
work problem for the Caribbean and most Africa. It provides sufficient nutrition to North America, Australia/New
Zealand, and Northern Europe. It achieves water use targets in several regions with 53% savings worldwide. Finally,
circular model contributes to P efficiency (average balance of 1.21 kgP/ha) and strengthens P security within most

regions with an average of 64%.
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1. Introduction

To meet our demand for food, we have moved large amounts of phosphorus (P), the third element in Earth’s
reserves, to fields, rivers, and forests, devastating the ecosystems. Our world has been evolving with global
population growing in numbers and changes in lifestyles leading to increases in consumption of critical materials
such as phosphorus. The criticality assessments of raw materials differ as they are conducted at different scales, e.g.,
institutional, regional and global, as well as take into account indicators related to multiple aspects, e.g. social,
geological, environmental, technological, and geopolitical (Schrijvers et al., 2020). Hence, there are variations in the
outcomes of critical material identification (Frenzel et al., 2017). Supply risk, *~!ne, ~bility to supply restrictions and
economic importance are all common characteristics of critical raw r..*n.s (European Commission, 2018a;
Graedel et al., 2015). Phosphorus has been identified as a signi‘canu critical material according to several
assessments (European Commission, 2020a; Golroudbary et al., 21193 . Phosphorus plays a prominent role in our
food chain, has no potential substitutes, and its primary sour.c - phosphate rock — is finite and can only be found in
a few countries. As a result, we have been facing variou. chalienges such as resource scarcity and food insecurity.
Many of the world's food producers are in danger ~f oecoming completely dependent on trade with a handful of
countries - phosphorus suppliers such as China, Morocco and Western Sahara, United States, Russia, Jordan and
Brazil (Golroudbary et al., 2019a).

Solutions to these problems lie it recapturing and recycling phosphorus, moving it from where there is too
much to where there is too little of 1., and developing ways to use it more efficiently. Therefore, the concept of
circular economy has emerg d to sustain the conservation of phosphorus within the supply chain. A circular
economy is meant for the cciservation of material’s value within the economic system as long as possible
(European Commission, 2020b). This concept serves the mitigation of phosphorus criticality, as it aims to extend the

useful life of raw materials extracted from the environment (Gaustad et al., 2018).

Cordell et al.(2013) estimated the peak of global phosphorus production to be reached in 2030 and
Golroudbary et al.(2019b) expect the peak of energy consumption and greenhouse gas emissions for phosphorus
supply chain to occur in 2034. Those findings laid the foundations for the analysis of the rationality of using
phosphorus recycling in line with the circular economy in Europe by Golroudbary et al. (2020). Following this line

of thinking, the concept of circular economy including the integration of the socioeconomic system, is mainly



introduced to deal with a series of challenges including waste generation, resource scarcity, and sustained economic
benefits. Circular economy is a model meant to decouple the social benefits and human wellbeing from resource use,
production, and consumption (Van Hoof et al., 2018). It is believed that circular economy may help in finding
answers and solutions to the ongoing societal challenges and bringing opportunities for sustainable growth
(Niskanen et al., 2020), e.g. a transition to a circular economy is expected to raise employment by between 300,000
and 1 million employees in five European countries: Finland, France, the Netherlands, Spain, and Sweden (Moreau

etal., 2017; Wijkman and Skéanberg, 2016).

The degree to which the circular economy approach has been implemer.=d for phosphorus chains differs
across countries as it is based on national policy and depends on aspects <™ 27 environmental impact, economic
benefits, and resource scarcity (Golroudbary et al., 2020). Bernhard et ! 2018) demonstrated that a successful
transition to circular economy for phosphorus starts by blocking t* e los channels and utilizing wastes derived from
mining, beneficiating, and production processes. Other sturias have also shed light on several factors such as
addressing social acceptance (de Boer et al., 2018), c~atu., market niche for waste derived from P fertilizers
(Néttorp et al., 2019), improving recovery tech.aloles (Egle et al., 2016), increasing recovered phosphorus
production capacities (Jedelhauser and Binucr. 2018), and updating the legal limitations that restrict the
advancement in P recovery (Barquet et al., 2020 and the use of waste-derived products (Mehr et al., 2018). This
diversity of aspects meant to be impre ‘ed vy phosphorus circularity calls for different measurement tools or

different sets of measurement indicat. s (:/loraga et al., 2019).

While the idea of phosphoru. circular economy emphasizes sustainable development of multiple regions,
equally important sustainabilit’ indicators which represent social and ecological values are often disregarded or
ignored. Therefore, the promising achievements on the social sustainability side are still questionable. There is a
large gap between social indicators for different nations, and the social threshold yet to be met by many countries.
Hence, circular economy also faces a lot of criticism mainly because it disregards social equity and goals (Niskanen

et al., 2020).

The central driver for the circular economy is the reduction or displacement of primary production. However,
continuous production of a secondary material might bring its price down and thus increase the overall demand

leading to a rebound effect in which primary production is reconsidered. As a result, it may lead to material and



energy intensive production systems (Zink and Geyer, 2017). While the major focus of phosphorus management is
on displacing primary production with recycled material, the demand for energy from recycling processes is often
overlooked (Cullen, 2017). In addition, several studies have shown that excess phosphorus is leading to social and
environmental damages, and therefore they suggested urgent need of recycling in line with the circular economy
model (Mayer et al., 2016; Takasugi et al., 2020). This requires a comprehensive understanding of P-related costs

and benefits to ecosystems and society.

The world is facing a list of social challenges including poverty, inequality, and resource insecurity (FAO,
2020a; United Nations, 2020a). Despite the modest improvement achieved in 219 — 8.8% of global population
under the poverty line in comparison to 10% in 2015, the rate of povertv re. 'ct’on slowed down (United Nations,
2020a). In 2016, over 150 million children worldwide were victims r.¢ ci..'< labor (ILO, 2017), out of which 70%
were engaged in the agriculture sector (FAO, 2020b). Employm~at gr 'wth has declined by around 4% during the
last decade (ILO, 2020; World bank, 2020a). Other social ch~!le.iges aifect directly human basic needs. The use of
freshwater is growing and there is a global concern abc't wuicr scarcity. Water scarcity affects up to 40% of the
global population (UNDP, 2020). The decline in -ail certility as well as the unsustainable water use prevent the
continuous supply of food (FAO, 2013). Food 1.~ecurity is becoming a growing issue as the world population grows

and many regions experience the lack of subt @ iti.u phosphorus reserves (Cordell et al., 2011).

Considering these global issues this paper provides an insight into the major question: Does a circular
economy contribute to the achie.»mei.. of the social sustainable development goals associated with phosphorus
supply chain? We are als" cuncer .ed about the trend which transition to a circular economy creates within the
phosphorus management. This is where our research strives to find out whether the circular economy pushes the

phosphorus management forward to present a better alternative compared with the linear economy.

This study tries to answer those questions by examining the effect of the circular economy on the phosphorus
chain and its contribution to the accomplishment of social sustainable development goals. We respond to the call of
the UN to achieve the sustainable development goals (SDG) addressed by the United Nations (United Nations,

2019).

2. Materials and methods



In this study, we propose a dynamic model based on system dynamics (SD) methodology introduced by
Forrester (1997) by combining the concept of two other methods including material flow analysis (MFA) and social
life cycle assessment (SLCA). The significance of this combination lies in the ability to quantify mass flows and
assess social consequences within a holistic system considering the dynamic behavior and interaction of multiple
parameters of global phosphorus supply chain over time. We believe that this type of dynamic modeling creates a
bridge between MFA and SLCA research, as it allows researchers from both fields to tackle new research questions

with unprecedented comprehensiveness.

The MFA method is used as a framework for systematic assessment of flows ~nd stocks of phosphorus at local
and global scale. All stages of the supply chain including mining, prncecsiry, production, and recycling are
considered in this study. The steps of extraction, manufacturing, loss. stu.~5e, stocks, input and output flows, use
and disposal of global phosphorus supply chain are analyzed. The ‘levei ypment of MFA goes back to the 1990°s and
early 2000’s when it was used by different research groups and for inultiple purposes, with central publications
(Brunner and Rechberger, 2016; Van der VVoet et al., 200%). M., views the supply chain as a system composed of P
flows and stocks and assesses them systematically ‘Br.nner and Rechberger, 2016). Various studies have used the
MFA to quantify phosphorus input and output 'aws in certain sub-stages and in the whole supply chain. Previous
studies include quantitative analysis of phosp.arru> rflows at regional (Chowdhury et al., 2016), national (Cooper and

Carliell-Marquet, 2013), continental (J~a. 'hauser and Binder, 2015), and global scale (Chen and Graedel, 2016).

Assessing the social impact of life -\cle s has been developing for around 30 years. Fava et al. (1993) introduced the
concept of the social welf.. ~ i1.-nar ¢ category. Their proposal built on an idea of widening the discussion to include
the social impact category in*~ the life cycle assessment of products and systems (Benoit et al., 2010). SLCA sheds
light on the social aspects of product life cycles. It is one of useful methods of examining social impacts and, if
possible, suggesting improvements (Benoit et al., 2010). Several research studies deployed this methodology to
measure the social impact of products (Foolmaun and Ramjeeawon, 2013), systems (Garcia-Sanchez and Giliereca,
2019), and technologies (Lehmann et al., 2013). There is no general agreement as to which indicators should be
considered to measure social impacts, partly due to the lack of sufficient literature on the topic and partly due to the
difficulty to grasp social sustainability, as notions underpinning the concept are often subjective (Ahi and Searcy,

2015). However, it is almost agreed that indicators should be measurable and possible to assess (Popovic et al.,



2018). This study follows the UNEP (2020) guidelines for the social LCA. One tonne of phosphorus is the
functional unit considered throughout the calculation process. The impact pathway assessment method (IPS S-
LCIA) was adopted to analyze the social consequences of the phosphorus life cycle. The study aims at analyzing the
social impact in the context of the SDG’s of the UN. Therefore, we consider the associated SDG indicators in the
model to be at the end of the cause-effect chain (endpoint impacts). Data sources include ILO (2015), ILOSTAT
(2020a, 2020b, 2020c, 2020d, 2020e, 2020f), World bank (2020b, 2020c, 2020d, 2020e), FAO (2020c, 2020b,

2017).

To manage phosphorus sustainably, we clearly need an accurate understandinr ~f where P is stored (i.e., stocks) and
how it moves through the system (i.e., flows), as well as how the differe... \ia..unles (i.e., social factors) influence
the system and contribute to the specificity of the behaviour of eac” par. of the supply chain over time. System
dynamics modeling is used to study the behavior of complex (m<« Vv o' jects interact with one another), interactive
(variables' interaction produces the distinctive behavior of u. system) and dynamic (distinctive behavior of the
system varies over time) systems within changeable cona. ions. Also, system dynamics is capable of offering several
advantages, as it (i) estimates and forecasts futui. rehaviors and trends of a system (Torres et al., 2017), (ii)
considers and understands the interrelated behavior and the causal relationship between the different parameters and
variables in the system (Golroudbary and za'wra:e, 2015; Sterman et al., 2015), and (iii) analyzes multi-systems
given their established relationships (J74 e ~l., 2021). Several studies used SD methodology to examine the dynamic
interactions among multiple parameter. in the phosphorus supply chain such as mass flows in food chain (Treadwell
et al., 2018), solid waste man 'gem. nt (Kollikkathara et al., 2010), and environmental consequences of phosphorus
supply chain (Golroudbary eu al., 2019a). Using system dynamics, this study analyzes the social impact of
phosphorus circularity in the context of the sustainable development goals. For this, the concept of MFA is used to
quantify phosphorus flows through its life cycle and the concept of SLCA is used to determine the social impact of
linear and circular phosphorus as input for SD model. Besides, several exogenous variables such as populations,
consumption patterns and recycling technologies are considered in the SD model. Figure 1 shows details of the

phosphorus model and data sources.
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Figure 1. Conceptual framey “.rk of the proposed phosphorus model.

Dynamic model of the linear and circular nho.nhorus

The system boundary in this study as sho*wn in Figure 2 consists of two sub-systems including (1) phosphorus

mass flow characterised by its su~oly chain; (2) social impact sub-system characterised by the list of social
indicators. In this study we ~~~ly_~ 161 countries. The list of countries is presented in Annex (Table B.1).
Phosphorus flows througa . vec ..iajor steps. The first step is the industrial stage corresponding to the mining of
phosphate ores, followed by we beneficiation and the processing into phosphoric acid. The second step covers the
production stage, where phosphorus is included in tradable commodities including fertilizers, food and feed
additives, laundry detergents, and other industrial uses. The fertilizers are then used in agricultural production of
crops such as: rice, wheat, barley, sorghum, millet, rye, oats, potatoes, sweet potatoes, cassava, soybeans, beans,
peas, rapeseed, olive, sugar beet, sugar cane, seed cotton, vegetable, and fruits. On the other hand, feed additives are
used for livestock production of the following species: sheep, goats, horses, cattle, buffaloes, mules, pigs, ducks,
chickens, geese, and turkeys. The third step is the dissipation and recycling of phosphorus following the

consumption stage. This study addresses the consumption stage, i.e., human consumption of foods of animal and



vegetable origin. The dissipation of phosphorus takes place in the form of losses across the supply chain. Losses
begin already at the mining and beneficiating phase. In the agricultural production phase, large amounts of
phosphorus are lost to the marine systems from soil, due to soil loss, leaching, runoff, and erosion. The recycling
phase of phosphorus covers the three streams including manure, wastewater, and solid waste. Manure is by far the
largest source of recycled phosphorus for fertilizer applications. The sources of manure considered in this work
originate from the following livestock species: donkeys, cattle, buffaloes, chickens, ducks, mules, sheep, goats, and
pigs. Wastewater is a supplementary source of fertilizers and is also seen as an opportunity for the reduction of
water eutrophication process as well. It originates mainly from human exci.’a, detergents, and other industrial

waste. Solid waste is generated by human and livestock consumption. All thest flows of waste are immediately

Social issues frrn . inip 4

- e
Work safety Zmployment

Poverty rat~s Child labor
Gender equaality

Social issues from recycling
'™ Social issues from agriculture production
- hn -
Work safety Employment & ﬂm m

Poverty rates Child labor
Gender equality Work safety Employment P efficiency
Poverty rates Child labor P security

Gender equality Water use
[‘bdsSphorus
supply chain

Social issues from consumption

ﬂm Nutrition supply

Figure 2. Conceptual model of the phosphorus supply chain and its social sustainable development impact.

treated before they are either recycled or landfilled.

External economic activities were also included in the system of material trading (imports and exports).

Material trading takes place in the pre-consumption stages (mining and production), where phosphorus is traded in



the form of refined phosphate rocks from the mining stage, phosphoric acid from the material processing stage,

phosphate fertilizers, feed and food additives from the production stage.

Stocks and flows are the foundations of the system dynamics modelling. The dynamic behaviour of fertilizer

stock in period t — t, is given as a time integral of net flow rates to and from the stock (FS(t)).

Where the inflow variables represent the fertilizers production rate, P (t); the net fertilizers imports, Al (t); the rate

of fertilizers from recycling, R(t); the outflow variables represent crops production, Cr(t); phosphorus loss from

t

FS(t) = f (Pr(®) + AL (£) + R(E) = Cr(e) = PLp()) dt + FS(t) €

to

the soil, PL¢(t); and the initial amount of fertilizers in stock, FS(t,) Maw.al flow variables are subject to change

based on the dynamics of their stock source. For instance, the math matical formula for crop production is as

follows:

Cr(t) = V(t) X FS(t) 2

Crop production rate depends on the amount ~f fe, “ilizers available in its stock on annual basis. This dependence is
reflected in the exogenous variable V(t; n . =€ t, representing the production coefficient Cr(t), whose value
ranges between 0 and 1. The detailed ‘ist 01 variables, as well as their formulas and data used to calculate them can

be found in Supplementary Inforn. tion A.

This study looks at the 'inew and circular economy models in the phosphorus supply chain. Circular flows
represent the P input into the agricultural production sector from the recycling of manure, wastewater, and solid
waste. Linear flows, on the other hand, represent the P input into the same sector originating from mining and net
imports. Our analysis considers different origins (sources) of P used for agricultural production (circular and linear).
Linear sources provide the primary flows to the phosphorus supply chain. Circular sources provide secondary flows

to the phosphorus supply chain in the context of a circular economy. The proportions of circular (PC (t)) and linear

phosphorus (PL (t)) within the agricultural production sector is determined through the following equations:



Pc(t) =

P,(t) =

23:1 Cc(t)
221 Ce(®) + X, Li(®)

Yo L)
G+ T L)

@)

(4)

where C.(t) is the annual amount of circular phosphorus from source ¢ = 1, 2,3 (manure, wastewater, and solid

waste); and L;(t) is the amount of linear phosphorus from source | = 1, 2, 3 (production of fertilizers and additives,

and net imports).

Circular economy models are identified at three levels: micro, meso and :..>aro (Ghisellini et al., 2016). This

study focuses on the phosphorus circular economy at global and national I els i.e., it corresponds to the macro

level. The main circular economy indicators for the phosphorus supply ch. in 2. e presented as follows:

Domestic material consumption (DMC): The calculation ¢ =iosphorus footprint is important to track the
flows of material within and across the national t orr.ers of countries. This includes by necessity indirect
flows and resource requirements. However, _~ar 'ty of data prevents such in-depth analysis at a country
level. This study uses the domestic materia, ~onsumption (DMC) to calculate the amount of phosphorus
required to enter the economic syster~ D, *C equals the total amount of material used to meet the demand
for goods and products (Magn‘.. 22"7). Globally, DMC is equivalent to the material footprint as it
considers the system boundz: es au the global level (United Nations, 2020b). Unfortunately, at the country
level, DMC does not c. ture the indirect resources needed for the production of goods and products

(Calatayud et al. 201} T'ie DMC (DMC(¢)) equation is defined as follows:

DMC(t) = M(t) + Imn(t) + Z?):llp(t) - Emn(t) - Zzszl Ep(t) (5)
where M(t) is the mining rate of raw phosphorus, ., (t) is the rate of imports of phosphorus at the mining
stage, I, (t) is the rate of imports for p = 1,2 (fertilizers and feed additives), £, (t) is the rate of exports

at the mining stage, and E,, (t) is the rate of exports for p = 1, 2 (fertilizers and feed additives).

Proportion of phosphorus from secondary production: It indicates the percentage of usable recovered
phosphorus in the supply chain (Cobo et al., 2018). Higher percentages indicate higher efficiency of

circular P systems (Eq. 3).

10



e Amount of material escaping the system: It indicates the material outflow from the system at all stages
(European Commission, 2018b). The less material is lost and landfilled the higher the efficiency in material
value conservation and the more efficient circular P systems. Mathematical formula showing material
escaping the system (P, (t)) is thus the summation of material lost and landfilled across the supply chain of

phosphorus:

PO = ) PLu(®+ ) PW(© ©)
m=1 w=1

where PL,,(t) is the amount of material lost from stage m = 1, 2,2 (m.ning, production and recycling);
and PW,, (t) is the mass flow of waste material into landfilling 2=~ u.>zosal from waste sector w = 1,2, 3

(manure, wastewater, and solid wastes).

SLCA consists of impact categories and sub-categories of social d"me.>sion. Impact categories represent the relevant
stakeholders of phosphorus life cycle including workers, lov2’ co nmunities, and the society (Table 1). On the other
hand, sub-categories represent the causal relationst.ps vitr.n the impact category. The process starts by selecting
stakeholders and impact categories, followed hv the che-acterization of social indicators, before finally linking them
to the system dynamics model of the phospiiu s supply chain. Golroudbary et al. (2020, 2019a), ElI Wali et al.
(2019), Chen and Graedel (2016), Schylz ~na Wellmer (2015), and Scholz et al. (2014) provide quantitative
assessments of the phosphorus suprly ~hain. They were mainly used to develop the model of phosphorus supply
chain and obtain data inputs. At the aruntry level, material flow data were obtained and compiled from the USGS
(2017, 2016, 2015, 2014, -1y, 2u18), FAOSTAT (2020d, 2020c), and the United Nations (2020). The detailed
input structure, data calculat.uns and data sources can be found in Annex (Tables A.1 and A.2). The selection of
social indicators goes in parallel with the list of SDGs. Social indicators are linked to the following stages: mining,
production, and recycling. The mining phase covers the extraction as well as the refining and beneficiating
processes, production phase covers agricultural production of crops and livestock, while recycling represents

wastewater recycling.

Table 1. Definition of social sustainability indicators in phosphorus supply chain.

Stakeholder Impact category

. . Definition
categories indicators

11



Work safety

Workers Employment
equality

Livelihood of
workers

Nutrition supply

Local Water use
communities
Employment rate
Child labor
P efficiency
Society
P security

Reflects the health status of directly employed workers

Reflects the employment contribution towards gender equality
(male/female)

Quantifies the number of employees living under poverty

Refers to the availability of nutrients for the society, higher values or values
above the threshold show that the nutrition system is good

Measures the amount of water withdrawn for agricultural production

Measures the employment contribution to the local communities at the
national level

Measures the child population inve"+ed .~ economic activities

Refers to the balance of P betwean ~r.ts as fertilizers and outputs as
harvested and cultivated crop.

Reflects the domestic availay ity of P without dependence on imports.

Each indicator within our assessment exercise is assigned to a tary >t *.alue (Table 2). This allows us to assess the

progress of the social impact of phosphorus supply chain.

Table 2. The target values of t*.e so :ial sustainable development indicators.

Social indicator Unit Target
Work safety Accident _.<es er 100,000 workers Zero
Employment equality Ratic © fe.~ule-to-male employment rate (Dmnl) 1
Livelihood of Eraplo,=es under the poverty line as percentage of Zero
employees tar “mployees
Child labor “+.Idren working as percentage of child population Zero
Employment ra‘: Employees as percentage of labor force >33*
Water use m®cptt yrt <200
Nutrition supply kg P cpttyr? >0.9
P efficiency kg P hatyrt Zero
P security Domestic P as percentage of available P 100

*The target varies regionally for each country separately. Details on the selection of the target values can be
found in the Annex, A section 1 and Table B.3.

Indicators for the workers category correspond to the work safety level, gender equality in employment, and

livelihoods of employees (Mancini et al., 2018).
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Promoting safe and secure working environments corresponds to one of the targets of the eighth SDG goal
“Decent work and economic growth”. It is measured by the incidence of occupational accidents. The indicator
includes the number of fatal (Acg, (t)) and non-fatal (Ac,f, (t)) accidents per employees engaged, which is
reflected in the calculation of the number of accidents.

Ym=1(Acy, () + Acyy, (1))
En:l Epm(t) X Pm(t)

where Ep,, (t) is the employment required for the production of 1 tonne of phosphorus at supply chain stage m;

Ac(t) = (7)

and B, (t) is the mass flow of phosphorus at supply chain stage m = 1, 2,3 [mining, production, and recycling).

Ensuring women’s full and effective participation and equal opport:~itic- in the economic life is one of the
targets of the 5" goal in the SDG “Gender equality”. This indic~‘or 1> measured by the employment rates for
both genders separately (male and female) at the workplace. | *>nce, the ratio of female to male employment rate

(GE(¢)) is calculated using the following equation:

Y31 F, (O (LF®)
SoM_ () * (Lm(@®)

where E,(t) is the number of female er:nloy ~es engaged in the production at stage m of the supply chain,

GE(t) =

®)

m = 1,2,3 (mining, production, aru :2cy.iing); M,,(t) is the number of male employees engaged in the

production at stage m; Lf (t) and . m(t, are the female and male labor force at time t respectively.

Eradicating extreme pove .y for everyone is the 1% target of the first goal within the SDG framework “No
poverty”. This study cou iders employees under the poverty line. We measure the livelihoods of employees
through the daily earnings from work. This indicator is reflected by calculating the percentage of employees
engaged in the supply chain of phosphorus living under the poverty line (Pov(t)) through the following

equation:

 Sh®
P =53 @ x o < 1° ®)

where u,,,(t) is the number of workers at supply chain stage m = 1,2,3 (mining, production, and recycling),

with daily earnings below the threshold; and Ep,, (t) is the number of workers required for the production of 1

tonne of phosphorus at stage m; and B, (t) is the amount of phosphorus flow at stage m.
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Indicators defined to measure the social impact on local communities correspond to nutrition supply (O’Neill et al.,

2018), water use and consumption, employment rate and child labor (Mancini et al., 2018).

Ensuring public access to nutrition and ending all forms of malnutrition are equally important targets for the
second goal of the SDG “Zero hunger”. This study measures the nutrition supply of the phosphorus chain in line
with this goal. Nutrition supply is reflected by the availability of phosphorus for human consumption from both
animal-based and crops-based sources. The nutrition supply (NS(t)) measured in this study corresponds to the

availability of phosphorus for human consumption. Thus, the mathematical formula is as follows:

Fo(8) + Py (8)
NS(t) = W (10)

P,(t) and P, (t) are the annual food production of crops and livesiock ~* dme t, respectively; and Pop(t) is the
annual population variable.

Ensuring the sustainable supply and use of fresh water b2 the year 2030 is the fourth target under the sixth goal
in SDG “Ensure access to water and sanitation f~r an™. In our analysis, water use corresponds to water
withdrawal for the agricultural production. He.ve the equation for water withdrawal for agriculture (W (¢)) is
as follows:

w(e) = B GO X W = ;t()t)x Weg

where Cr,(t) is the production ra.= oy crop type x = 1,2, ...,20; and W, is water requirement per one tonne of

(1)

crop type x produced.

The importance of empl~: ment was highlighted in the 5" and the 6" targets of the eighth SDG goal “Decent
work and economic growth”. This study considers the number of employees involved in individual phosphorus
supply chain stages, divided by the labor force per the geographic scale under study. The mathematical formula

is as follows:

3
Em(t) = Lim=1 EpL";)((t;)) X Fn (8 x 100 (12)
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where Ep,, (t) is the number of employees required to produce one tonne of phosphorus at supply chain stage
m at time t; and B, (t) is the mass flow of phosphorus at supply chain stage m at time ¢; and Lb(t) is the labor

force seeking employment.

e  Eradicating child labor in all its forms is the 7" target of the 8" goal in the SDG “Decent work and economic
growth”. This indicator is reflected through the determination of percentage of child population engaged in the
supply chain of phosphorus (Cl(t)). The mathematical formula is as follows:

cl(@®) x (Cr(®) + F4(0)
Ch(t) x Pop(t)

Cl(t) = X 100 (13)

where cl(t) is the number of children working to produce one tonne 0 ® ..~ *ie agricultural sector for crops and
livestock; Cr(t) and F,(t) are the annual production of crops anc' lives.uck, respectively; and Ch(t) is the ratio

of children population to the total population (Pop(t)).

Finally, the supply chain indicators for the society category ~c.re ;pond to the nutrition security and nutrients supply
independency (Teah and Onuki, 2017). By extensir.1, \1is \ ~eans the evaluation of P efficiency and P security (El

Wali et al., 2019).

e Achieving the efficient use of natural re ourccs is labelled as the second target of the twelfth goal on the SDG
list “Responsible consumption anu nroauction”. P input into farmlands originates from sources including
produced inorganic fertilizers, re>vei d organic fertilizers and material deposition. P outputs correspond to crop
production and cultivatior. n.ce, the mathematical formula is as follows:

R(t) + k(t) + Py(t) — GCr(t) — Cr(t)
FL(t)

Pep(8) = (14)

Where P (t) is the P balance; R(t) is the amount of materials originating from circular P sources; P;(t)is the
amount of fertilizers originating from linear P sources; and P;(t) is the annual amount of atmospheric
deposition of phosphorus; GCg(t) is the amount of phosphorus from grass cut processes; and FL(t) is the area
of farmland available.

o Ensuring access to nutrition for all people is the first target of the second SDG “no hunger”. P security is

defined as the reliance level on domestic availability of phosphorus. It is measured by the trade as well as
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domestic production activities. This study adopts the European Commission approach in calculating the reliance
rate on net imports and annual domestic production (Devauze, 2017).

a(t) «
(X2, AL, (D) + a(t)

where Ps(t) is the reliance ratio on imports, AL, (t) is the net imports at supply chain stage m = 1, 2 (mining

Ps(t) =

100 (15)

and production) and a(t) is the domestic production rate of phosphate fertilizers.

3. Results and discussion

In this study, the proposed model is used to evaluate the scenarios of ptaspi. rus flow and its social impact on
associated stakeholders on the basis of sustainable development goals. Tne h. ear economy scenario corresponds to
the current P flows from linear sources to the material disposal. The ~irc.'ar economy scenario reflects P flows from
circular sources (manure, wastewater and solid waste). The maximu, - improvement in recycling reaches 45%. This
percentage assures the technological feasibility range of [ 1csplorus recycling (EI Wali et al., 2018; Scholz and
Wellmer, 2018). Also, population growth rate, con<un. Ytio.” patterns, farmland and labor force were considered in
the design of future scenarios until 2050. Detailed . '~ta on growth rate, data distribution, and data sources are

presented in Annex (Table A.2).

3.1. Global phosphorus distributicn

The results of the dynamic n.>del snow a large gap between material availability from the linear sources and
that from the circular sou’.~s. 'n 27,10 there were around 32 million tonnes and 17 million tonnes respectively of P
available from global primar:’ ~.nd secondary sources (Figures 3a and 3c). Primary phosphorus available in the non-
mining countries represents imports from foreign sources. The results show that there would not be any significant
change in the future distribution of available phosphorus from linear and circular sources up to the year 2050, as far
as the source reliance is concerned. In the global market linear sources of phosphorus continue to dominate over the
circular ones. Global availability of primary phosphorus is estimated to reach around 40 million tonnes P by the year
2050 (Figure 3b). East Asia is the market leader with around 24% of global primary phosphorus, while China’s
market share is 17%. Northern Africa and Western Asia are estimated to reach a total of around 13 million tonnes P

from linear sources, while each one of these regions covers 15 to 17% of global primary phosphorus. Circular
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Figure 3. Global phosphorus availability from hir 2ar and circular sources (in million tonnes P). Data range is from
0 to 10 million tonnes P. Linear sources include *he mined raw phosphorus and imports of mined and chemical
fertilizers. Circular sources include recycied . ~osphorus from wastewater, manure, and solid waste.

sources are estimated to provide 1'0 to 2 million tonnes of phosphorus, from which 22% comes from Eastern Asia,

followed by 13% from Centra’ Asia 12% and 7.3% from Southern America and Europe, respectively (Figure 3d).

The gap in phosphorus '~ .ss between the linear and circular sources reflects two issues in the P supply chain:
inefficiency in phosphorus flow across supply chain stages and waste generated instead of recovery and recycling
(Chen and Graedel, 2016). Table 3 presents the flows of phosphorus across the loss and production channels. It
shows that around 23% of global P was either lost or landfilled in 2010 and in 2050 the share will reach 49%. The
percentage of fertilizers originating from circular sources reaches an average of 36% within 2010-2050 period. This
indicates that over the same period an average of 64% of available phosphorus comes from the linear economic

system.
Table 3. Phosphorus flows along the supply chain (millions of tonnes of P).
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Year Domestic Material escaping Fertilizers from Proportions of

material the system recycling secondary

consumption phosphorus (%6)
2010 33.51 8.65 17.08 34.17
2015 34.59 12.16 21.84 37.77
2020 35.16 15.26 21.42 39.14
2025 35.49 17.29 22.25 39.07
2030 36.24 18.22 21.64 39.31
2035 37.92 18.11 21.65 36.21
2040 37.06 18.15 21.64 40.13
2045 38.73 18.93 21.89 37.75
2050 39.89 18.74 21,51 36.87

3.2. Global social development goals of the phosphorus suppi, cha.n

Results obtained for the social indicators on the globl scile are shown in Figure 4 (a & b). The indicator
assumes values between 0 (minimum) and 1 (thre~.noi"). 1 3e threshold value corresponds to the target value for
each indicator. The mathematical formulatior of the . srmalization process is found in Annex A, section 2. The
results show the different impact of linear ar.u “ircuiar P models on social sustainability of the phosphorus supply

chain between 2010 and 2050. Next, we \vih 'iscuss each indicator separately.
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Figure 4. Comparison of social indicators scores for global supply chain of phosphorus. (a) 2010 and (b) 2050.

- Work safety

The work safety indicator includes the incidence rate of accidents occurring at work per worker. Higher score
informs about a better occupational health and safety environment with fewer occupational accidents per worker,

and vice versa.

The score obtained for the work safety for primary and secondary phosphorus production in 2010 was on
average respectively 46% and 69% below the threshold. In both types of produrtion, the supply chain of phosphorus
fails to meet the social threshold for this indicator. However, a better workine c>vir.ament for workers is offered in
the linear economy model, with a global occupational accident rate of #.u "0 183 cases/100,000 workers in 2010
and estimated 272 cases/100,000 workers in 2050, compared to as me. Vv as 274 cases/100,000 workers in 2010 and
estimated 231 cases/100,000 workers in 2050 in the circular eco..~mv. Higher occupational accident rate (around
500 cases/100,000 workers) has been observed in the phosp'ioi s recycling sector than in the mining sector (around
167 cases/100,000 workers). Also the water treatment sec ar often faces challenging occupational health and safety
problems due to the high exposure to hazardous v.~.tes and chemicals leading to injuries and diseases such as
cancer, allergic diseases, and fetal harm (Carav~ci et al., 2018). The transition to a circular economy implies
growing occupational challenges as new prablcme arise from newly adopted techniques and recovery methodologies
(Paékkonen and Koponen, 2018). Wh e . = focus of decision makers is solely directed towards the material and

economic improvement, these res''lts . Micate lower score for work safety in the circular economy.

- Employment equ.u*v

The employment equality indicator measures the female to male employment ratio. Higher scores suggest a
more equal participation of female and male workers in employment. We consider ‘1’ as the desired threshold of the
female-to-male employment ratio. Any score below 1 means that male employment rate is higher than female

employment rate in the phosphorus supply chain.

The score obtained for circular production model in 2010 is 0.64 out of 1, revealing a female employment rate
by 36% lower than the male employment rate. On the other hand, in the linear economy model the score for female

employment rate is around 27% lower than male employment. Our results reveal a score-decreasing trend for both
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linear and circular production models, which indicates a growing gap in the female-to-male employment ratio. In

2050, the score for circular economy model reaches 0.38, while for the linear economy 0.35 out of 1.

Within the agricultural sector, both production models contribute equally to the ratios of the genders
employment rate. Statistical data for 86 countries from the International Labor Organization (ILO) show a 76% gap
between the female and male employment rates in recycling by 2010 (ILOSTAT, 2020c). These statistical results

widen up the gap in the employment rates between the two genders in the circular phosphorus model.
- Employment rate

Results show that initially linear economy offers better employment rz es tt an the circular economy, with an
employment rate of around 28% in 2010, whereas the circular economy  con ributes to the employment rate up to
10% in the same year. The trend observed for this indicator varics he.veen the different production models. In
circular economy, the employment rate increases and reaches up 0 .”% of the global labor force in 2050. On the
other hand, the results suggest a decreasing trend in linear e. ~ulo’, ment by 35%, bringing it down to 18% in 2050 as

well.

The transition to phosphorus circular econu My can create additional job opportunities as argued by Moreau et
al. (Moreau et al., 2017) who have provided ¢ (d¢ 1ice that circular economy contributes to increases in employment
in Finland, France, the Netherlands, Sp.'n, and Sweden. Mainly, more job opportunities could be created in the

recycling sector including the wastew.*ar «reatment facilities (Teah and Onuki, 2017).
- Livelihood of emr 'ay. s

Global efforts aimed to reduce poverty and improve livelihoods of workers and employees are on the rise. For

this indicator, higher scores represent lower poverty percentages, and vice versa.

The results show that around 20% to 23% of workers in the P supply chain lived below the poverty line in 2010.
Putting in place the circular economy model in the P supply can contribute to the reduction of poverty rate by 6% in
2050. On the other hand, linear production model causes an increase in poverty rate by 26% in 2050. On average, a
transition to circular economy in the phosphorus chain is estimated to reduce the poverty rate amongst workers by

almost 50%. The reduction of poverty within the circular phosphorus model is manifested by a consistent growth of
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salaries and wages in the P recycling sectors, particularly in wastewater treatment and recovery (International

Labour Organization, 2016).
- Child labor

Child labor is deeply rooted in poverty, income insecurity, social injustice, lack of public services, and lack of
political will. In this study, we assume a complete eradication of child labor in the European Union, based on the
strong prohibition of work by children under 15 years of age in its legislation (Directive 94/33/EC). Higher scores

inform about lower child labor rates, and vice versa.

Globally, the linear and circular economy models of phosphorus procuctic are estimated to have engaged
respectively 4.25% and 3.8% of child population in 2010. The situation i the inear economy is estimated to worsen
as the child labor ratio grows up to 8.1% of total child population by . = y zar 2050 whereas in the circular economy,
the rate continues to decline to 2.9%. It shows that, if implementer’, the circular economy goes hand in hand with the

poverty rate reduction while in the linear economy poverty r. *2s ¢ ;ow constantly.
- Water use

The rates of water use per hectare of farm'anu ~long the phosphorus supply chain were analyzed. As shown by
estimates, linear economy surpasses the “cinc'~ 1es of water use (around 350 m*/capita in 2010 and reaches 364
m?*/capita in 2050). The circular econ>my n.ads 43% of water for agriculture less than the linear economy in 2010.
However, water consumption is v timewed to grow as well by 32% in the circular production model to reach 264
m?/capita in 2050. The grrwth in water consumption in both models results mainly from the increase in agricultural
production which is estimater to grow by 28% between 2010 and 2050. On average, the circular economy
contributes to the reduction of water consumption to 232 m*/capita within the 2010-2050 period, which indicates

significant savings in the use of water (around 53%) compared to the linear economy.
- Pefficiency

The efficiency of phosphorus (mainly as a component of fertilizers) corresponds to the phosphorus balance
between the input and output rates in the soil. The desired difference value between the input and output is always
zero, which is also the threshold value in our study. However, practically, there are always losses and inefficiencies

resulting from natural causes such as soil erosions or P use inefficiencies throughout the fertilizer application
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process. This leads the plant to absorb less P than what was applied. In this analysis, higher scores represent smaller

amount of phosphorus balance and vice versa.

Globally, in 2010 phosphorus balance of 1.27 kg P/ha from circular sources represents a higher efficiency
compared to linear sources, with a balance of 2.85 kg P/ha. The circular economy of phosphorus offers natural
fertilizers that improve the soil structure and tilth, as well as reduce erosions from wind and water. (Roberts and
Johnston, 2015). Both linear and circular production models fail to achieve the desired threshold, which is a total
elimination of inefficiencies in fertilizer application to the soil. Results estimate a growing trend in linear
phosphorus efficiency, reaching a score of 0.14 and 0.43 out of 1 in 2010 a.* 2050, respectively. This result
suggests better P application practices adopted in linear production models Ci.~/'ar phosphorus efficiency follows a

growing trend as well although to a lesser extent with the score of 0.65 ouw > « (1.16 kg P/ha) in 2050.

One of the main advantages of the application of P fertilizers ou.~in.d under the linear production model is the
supply of nutrients to plants within in a shorter time comperer tn the circular model. This is why efforts should be
made to better apply chemical fertilizers to reduce *~~fli.fencies — e.g. apply them at the right time — rather than
eliminate the option totally (Li et al., 2020). Howeve. despite the improvements, the circular economy still offers a
better P use efficiency score naturally, and is rapa.>le of reducing the phosphorus balance by 46% compared to that

from linear sources on a global scale.

- Nutrition supply

Phosphorus is an essentie. nu.ient for all forms of life. Its shortage will threaten global food production. Our
analysis measures the supply ¥ P nutrients for human consumption on an annual basis. The higher the score, the

bigger the amount of kgs of P supply per capita in a year, and vice versa.

Based on the data, estimates for 2010 show that the linear economy supplies higher amounts of P nutrients
(annual amount of 0.7 kg P/capita) than the circular economy (annual amount of 0.5 kg P/capita). This is mainly the
effect of higher linear availability of phosphorus at a global scale (around 32 million tonnes of P) compared to
around 20 million tonnes of P available from the circular sources (Figure 3 a&c). However, neither of the two
models reached the social threshold which for 2010 was 0.9 kg P/capita annually. Both the linear and circular

economy present a growing trend for nutrition supply amounts globally, reaching up to 0.94 kg P/capita for linear
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production and 0.62 kg P/capita for circular production in 2050. The available primary phosphorus is estimated to

reach 40 million tonnes and the secondary phosphorus to reach 27 million tonnes in 2050 (Figure 3 b&d).

On average, a complete transition to a global phosphorus circular economy will not ensure meeting the demand
of many regions for nutrient consumption. The results indicate a deficit of around 0.38 kg P/capita in 2050. This
should also be highlighted in the context of the continuous growth of global population, which is estimated to reach

up to 9.73 billion people in 2050.

3.3. Regional social development goals of the phosphorus supply chain

In this section, we discuss the regional analysis of the social develor™e, * r_sults in phosphorus management,
given the two circular and linear economy models (Table 4). The re<ion.! uata correspond to the average data of
countries geographically belonging to a given region. Region ccnpila ion follows the UN classification of world
countries. Country level data can be found in Annex, Table 2 1 (sociar sustainable development data). The list of
regions as well as countries included in them can be fe'1d 1. Annex, Table B.4. Regional results reveal different
ways in which circular economy contributes to the .~ck’ing of social development issues involved in the phosphorus

supply chain. Figure 5 shows the contribution € the circular economy in achieving the social development goals.
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Table 4. Average results of the social development indicators for different regions in the period 2010-2050, in circular economy (CE) and linear economy (LE).
A&N: Australia/New Zealand; Ca: the Caribbean; C&S-Am: Central and Southern America; C-As: Central Asia; E-Af: Eastern Africa; E-As: Eastern Asia; E-
Eur: Eastern Europe; M-AF: Middle Africa; N-Af: Northern Africa; N-Eur: Northern Europe; Oc: Oceania (excluding Australia and New Zealand); S-Eur:
Southern Europe; W-Af: Western Africa; W-As: Western Asia; W-Eur: Western Europe

Work safety Employment Employment Poverty rate Child labor Water use Nutrition P efficiency P security

(cases/100,000 equality (Dmnl) rate (%) (%) (%) (m*/cpt) supply (kgP/ha)
Region workers) (kgP/cpt) (%0)

CE LE CE LE CE LE CE LE CE LE CE LE CE LE CE LE CE LE
E-Af - - 0.76 0.75 44 47 29 46 21 19 161 102 031 032 181 114 714 500
M-Af - -- 0.74 0.74 15 26 21 27 17 1C 2/4 375 0.37 039 043 0.69 83.8 11.1
W-Af -- -- 0.64 0.60 125 12 26 45 21 25 275 173 0.44 0.71 1.41 0.99 90.4 7.9
N-Af -- - 0.92 0.87 16.2 17 5.6 7.9 3] v 111 443 0.27 1.48 0.74 0.43 37.9 71
W-As 34 483 0.47 0.43 11.2 94 1.4 1. 15 22 126 258 0.32 0.85 1.99 1.58 67.8 28.9
C-As 2.3 5.06 0.88 0.85 17 18 8. -5 18 32 179 156 0.40 0.47 1.85 1.79 70 37.7
E-As 80 49 0.59 0.58 17 17 25 7.1 9.5 19 146 155 0.47 059 441 4.04 61.5 23.3
Ca -- -- 0.33 0.32 3.7 3 0.24 0.4 16 10 140 71 0.31 021 341 2.48 74.9 4.9
C&S-Am 559 899 0.36 0.35 5.8 8 2.6 4.9 125 25 356 273 0.88 0.96 1.58 1.76 62.2 13.7
N-Am -- -- 0.23 0.24 C 96 1.9 0 0 -- -- 314 536 0.94 142 0.78 1.32 68.7 61.1
A&N 439 1024 0.28 0.28 .12 4.4 0 0 0 0 715 792 2.48 2.53 1.49 2.69 53.2 46.1
Oc -- -- 0.40 0.41 14 22 7.12 12 -- -- 186 73 0.37 0.43 2.37 0.46 78.7 5.00
E-Eur 122 252 0.52 0.49 29 21 0.02 0.02 0 0 122 309 0.77 081 091 2.88 43.9 20.9
N-Eur 331 426 0.69 0.69 9 5 0 0 0 0 448 424 1.31 115 479 3.05 43.8 22.2
S-Eur 417 756 0.58 0.56 13 9 0.01 0.02 2 4 151 156 0.51 0.39 151 2.13 60.6 27.9
W-Eur 940 1001 0.54 0.52 24 1.5 0 0 0 0 236 198 0.82 0.38 591 3.20 55.3 17.9
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Figure 5. Social sustainable developm ..t g. 2ls .or world regions for a circular and linear economy model of phosphorus supply chain.

Work Safety

The transition to the circular economy is expected to help regions to have a safer working environment in

phosphorus supply chain by decreasing occupational accident rates in, e.g., Western Asia by 93% over a period

2010-2050, followed by New Zealand, Central Asia, and Europe where the improvement ranges between 44 and

61%. These results are mainly due to newly adopted initiatives in waste recycling sectors, such as job up-skilling,

combating social dumping, ensuring quality jobs and decent pay conditions, as well as having publicly owned and

democratically controlled waste services. The goal is to ensure a high level of health and safety for workers as
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proposed by the European Commission (EPSU, 2017). At the opposite end of the spectrum, Eastern Asia — including
China — is estimated to face an increase of 58% in occupational accidents in line with the phosphorus circular
economy. China is the leading supplier of mined phosphates. The shift to a circular economy in Eastern Asia will
eventually shift the occupational accident rates from the mining sector where an average is 49 cases/100,000

workers, to the recycling sector with an average of 80 cases/100,000 workers.

- Employment equality

Results indicate improvements in gender equality within the phosphor s supply chain in the top mining
countries achieved by implementing the circular economy model in 2010-205%. .. Isiael by 46%, in Algeria by 34%,
in Kazakhstan by 28% and in China by 12%. The male employment rate wiu ‘n the mining sector in those countries
exceeds the female employment rate on average by 82% within tr. analyzed period. The demand for female
workforce is concentrated in office and administrative jobs, as we.' ac in professional, service, and sales positions

(Fernandez-Stark et al., 2019).

Results show limited variations of gender emp’oyn :nt 1utios based on regional analysis, where gender equality
for this ratio decreases by no more than 5% in Europ., Africa, Australia/New Zealand, the Americas, and Asia.
However, no region is estimated to achiev.. @ ~oniplete gender equality within its phosphorus supply chain by

introducing the circular economy model

- Employment rate

Circular phosphorus ~co. amv significantly contributes to the growing employment rate in the region of
Northern Europe by 79% in th". year 2050, followed by the rest of Europe with the ratio reaching 40-60%. For the
Caribbean and Western Asia employment rates are supposed to grow to 23% and 19%, respectively. In Western

Africa a slight growth in employment rate by 4% is anticipated (Table 4).

However, a transition to a circular economy can possibly negatively impact the employment trend in local
communities, simply because the skills demanded by the new jobs are not totally met by the workforce (ILO, 2019).
In addition, phosphorus recycling is rapidly evolving, in particular when it comes to the technical part of it. Hence,
recycling techniques are not always accessible (Schipper, 2019). Therefore, Middle Africa, Central and Southern

America, Central Asia, Oceania, and Australia/New Zealand are estimated to face a decreasing trend in their
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employment rates in 2010-2050 in the phosphorus circular economy compared to the linear one — 44% for Middle
Africa, 37% for Oceania, 29% for Australia/New Zealand, 27% for Central and Southern America, and 6% for

Central Asia. Northern and Eastern Africa have the least shrinkage rates by only around 5% within the same period.

Nevertheless, the impact of the transition to circular phosphorus economy on employment rate is visible in the
short term. Detailed analysis shows that some top phosphorus mining countries, such as Senegal, Egypt, Morocco,
Russia, Tunisia, Israel, Jordan, and Saudi Arabia are estimated to face more than 85% decrease in their employment
rate. Other countries in the same situation are Australia, Algeria, Brazil, Peru, Togo, Syria, Canada, and the United
States where employment rates will drop between 40 and 80%. The employmen. *ate in Finland, and Mexico will

grow by 31% and 68%, respectively.

- Employees livelihood

Circular economy may help to decrease poverty of employees eny~qged in phosphorus supply chain in nearly all
regions of the world within the period of 2010-2050. Pe ’une. estimates show that East Asia accounts for the

highest decrease in poverty (on average by 58%) fo’.ow: d by The Caribbean (by 38%).

The factors defining the poverty status of «. country might go well beyond the linear and circular economies.
Political instability plays a major role in disrup.iniy economic growth and increasing poverty (Bérenger and Bresson,
2013). Western Asia is estimated to fece » 20% increase in poverty within its phosphorus circular economy in the

period 2010-2050. This goes in line w:*h an estimated growth in circular employment rates as well.

- Child labor

Child labor is used in tne mining sector, where tens of thousands of children are engaged in raw resources
mining globally. Among the phosphorus mining countries, South Africa, Morocco, and Syria are estimated to face a
growth in child labor by up to 80% within 2010-2050 in linear economy. They are followed by Brazil, Peru, and

Vietnam with an increase in the same period by 73%, 57% and 29%, respectively.

Theoretically, transition to a circular economy promises an end of the child labor challenge through eradicating
poverty (Geissdoerfer et al., 2017). Central and Southern America is expected to achieve reductions in child labor by
up to 52% by the year 2050, followed by East and South Asia with 50%, Central Asia up to 38%, Western Asia up

to 29% and Western Africa up to 10% (Table 4). Although child labor is often linked primarily to poverty, multiple
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factors play a significant role in shaping child labor rates in a region. Those factors are based on aspects pertaining
to culture, geography, and demography (Krauss, 2017). Other regions are against the global sustainable trend by
transition into a phosphorus circular economy. Middle Africa and The Caribbean are expected to face child labor
growth in the range of 65-68% within the period of 2010 to 2050. The same can be observed for Northern Africa

where child labor rate will increase by around 20% and Eastern Africa with 8%.

Regional results suggest that a transition to a circular economy model may lead to a serious problem of
reinforcing the child labor challenge for The Caribbean and for the African continent except for its western regions.
Therefore, the legal commitment to child labor elimination and extending the soc.~! protection of children continue

to be sidestepped although the SDG 8.7 target of the UN calls for an end to ~h.' I.por in all its forms by 2025.

- Water use

The transition to circular economy for regions such as North “fri.» means having a 74% reduction in water use
in the phosphorus supply chain in 2010-2050, followed b/ ."~ste' n Europe, Western Asia, Middle Africa and North
America with reductions of 40-60%, and Austreia/N 2w Zealand (by 10%). Technically, organic P fertilizers
contribute positively to the soil structure and *~ater hoi'ing capacity. This leads to less water required for the plant
growth (Adugna, 2016). On the other side, rrgir..>s mcluding the eastern and the western parts of Africa would face
an increase in water use by around 64% an.' 59%, respectively in 2010 and 2050. This issue is followed by the

Caribbean, Central and Southern Aren.~ with a 30% increase and Central Asia with around 14% increase.

The phosphorus chain is :stin, ated to achieve the water use targets by implementing the circular economy in
Eastern Africa, Northern Afrivy, Western Asia, Central Asia, Eastern Asia, Eastern Europe and Southern Europe.

However, the rest of the regions violate the water use boundaries despite water savings reported for some regions.

- P efficiency

The circular economy contributes to increases in P efficiency by a range of 40-45% in Australia, New
Zealand, and North America within a 2010-2050 period. The same has been observed for Middle Africa with a 29%
decrease in the P balance. Europe, Central and Southern America are estimated to improve their P efficiency by a
transition to the circular economy, with a slight decrease in the P balance around 11%. On the other hand, results

show that P efficiency may decrease by the transition to circular economy in regions such as east, west and north of
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Africa as well as in western and central parts of Asia. As for Africa, there is a growth in P balance by an average of
80% in the eastern regions, 71% in the northern region and 41% in the western region of the continent in 2010-2050,

followed by Western Asia with an increase of 26% compared to a slight increase of 3% in the part of Central Asia.

The improvement in P efficiency in several regions is not enough to accomplish the target of zero

phosphorus balance, while Middle Africa achieves the lowest balance of 0.46 kg/ha within the 2010-2050 period.

- Nutrition supply

The transition to circular phosphorus economy will result in decreased 1. frition supplies by 81% for North
Africa, 62% for Western Asia, 37% for Western Africa, 33% for North Amei ica, = )% for Eastern Asia, and 15% for
Central Asia as well as Oceania. For other regions, this transition trigne s grr wth of nutrition supplies by 84% for
Western Europe, 46% for The Caribbean, 30% for Southern Europr, «.~d .3% for Northern Europe in the 2010-2050
period. The rest of regions maintain the existing levels of nutritior sup, v with some variation rangingbetween 1 and

3% in the same period.

- Phosphorus supply security at national sc. ‘2

Phosphorus supply security demonstrat~, ‘he .egree of societal reliance on the foreign exporters. Thus, the
indicator can only be assessed and analy ze. fui individual countries. Figure 5 shows the reliance on exporters of

phosphorus from different countries in ‘e linear and circular economy models.

The results show that the circ. 'ar economy improves the security of P supplies in most regions (Figure 6 c&d)
compared to linear economy 1. the 2010-2050 period (Figure 6 a&b). Western Africa is estimated to achieve the
highest reduction in phosphorus reliance on imports by up to 89% within the period 2010-2050. Other regions for
which phosphorus reliance on imports has decreased include Middle Africa, Eastern Africa, and Oceania.
Significant improvement of the security of P supplies within those regions achieved by a transition to the circular
economy reflects the lack of domestic production of phosphorus. Quite the opposite, the circular economy fails to
improve the security of P supplies in Northern Africa where reliance on imports is estimated to increase by 53%.
This means that many countries in this region rely on the linear sources of phosphorus available from the phosphate

rock reserves.

30



a)

b) ok . %ﬂ
A“M o ‘4-J'£n
0 50 100 0 50 100
Import reliance of country on phosphorus in linear economy in 2010(%) Import reliance of country on phosphorus in linear economy in 2050 (%)
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Import reliance of country on phosphorus in circular economy in 2010 (%) It wort eliance of country on phosphorus in circular economy in 2050 (%)

Figure 6. Phosphorus reliance on exporters from diffe. ei.* co.ntries (in percentage). (a) linear economy 2010. (b)
linear economy 2050. (c) circular economy 2010. (d) ci, ~ule. economy 2050.

Conclusion

This study focuses on issues rela.ed .~ social sustainability of circular phosphorus economy at regional and
global scale by 2050. It aims to ~ddre.~ SDG 1 (end poverty in all its forms everywhere), SDG 2 (zero hunger),
SDG 3 (ensure healthy lives and yromote well-being for all at all ages), SDG 5 (achieve gender equality and
empower all women and girls , SDG 8 (promote inclusive and sustainable economic growth, employment and
decent work for all) and SDG 12 (ensure sustainable consumption and production patterns) in global phosphorus

management.

The results show that the circular economy affects phosphorus flows by different patterns of behavior for each
region including balancing and reinforcing social issues in long-term perspective until 2050. Detailed analysis shows
that the circular economy contributes to global improvement in the P security for all regions, except Northern Africa
where linear economy model offers higher security. The circular production model contributes to reductions in

poverty in middle and low-income regions. It also helps the phosphorus chain to achieve employment targets set for
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Eastern and Northern Europe. The circular economy model for phosphorus aims to sustain water with a 53% savings
worldwide. It maintains the sufficient supply of nutrients in Northern America, Australia/New Zealand, and

Northern Europe, while it threatens a decrease in nutrition supply for several regions.

In contrast to the generally optimistic views on the benefits that the circular economy can bring to societies, this
paper presents a different perspective by highlighting the paradoxical social effects of phosphorus circularity for

different regions in the context of sustainable development goals.
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