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A B S T R A C T   

Phosphorus (P) is a limited yet essential resource. P cannot be replaced, but it can be recovered from waste. We 
proposed the TRIZ approach (Teoria reszenija izobretatielskich zadacz - Rus., Theory of Inventive Problem 
Solving - Eng.) to identify a feasible solution. We aimed at minimizing the environmental impact and, by 
eliminating contradictions, proposed viable technical solutions. P recovery can be more sustainable based on 
circular economy and 4Rs (reduction, recovery, reuse, and recycling). The TRIZ approach identified sewage 
sludge (SS) as waste with a large potential for P recovery (up to 90%). Successful selection and application of SS 
management and P recovery require a transdisciplinary approach to overcome the various socio-economic, 
environmental, technical, and legal aspects. The review provides an understanding of principles that must be 
taken to improve understanding of the whole process of P recovery from wastewater while building on the last 
two decades of research.   

1. Introduction 

Sustainability is a broad concept comprising many aspects of human 
life. Sustainable consciousness about the environment has increased and 
has become global. The recent emphasis is on circular economy (CE), 
reuse of materials with valuable properties (European Commission. 
Disposal and Recycling Routes for sewage sludge 2001; Guedes et al., 
2017; Kirchmann et al., 2017; Magid et al., 2006) such as phosphorus 
(P), one of the essential yet limited resources (Egle et al., 2016). 
Decreasing natural P sources (phosphate rock deposits) is one of the 
strategic global-scale pivotal issues that, in effect, could lead to a global 
crisis in food production. The inconsistent forecasting about the P 
depletion timeline is due to the lack of comprehensive resource assess
ment (Childers et al., 2011; Cordell et al., 2011). 

The problem with the P depletion timeline (according to U.S. 
Geological Survey) is the comprehensive estimate of phosphate reserves, 
currently at 30–300 years (Cordell and White, 2011). It is estimated that 
with a high P rate of agricultural usage, >50% of the resources will be 
depleted by 2100 (Amann et al., 2018). 

Population growth and diet changes resulting from rising living 

standards drive P’s increasing agricultural demand (Jankowska et al., 
2012). The lack of access or P shortage can disrupt the entire world 
economy. An increase in the P price combined with increasing demand 
and depletion may lead to increased food prices and the resulting 
geopolitical disputes (Sengupta et al., 2015; Teah and Onuki, 2017). P’s 
sustainable recovery can be influenced by many factors summarized in 
Fig. 1, Table A1. 

Wastewater treatment is an abundant potential source of P recovery. 
P in wastewater accounts for >70% of P imported in fertilizers in 
selected countries in Europe. P recovery from SS could increase collat
erally with improved technology and removed SS application re
strictions in European agriculture (Kacprzak et al., 2017). 

To date, P recovery was mainly presented in comparative studies 
separately treating the technological, economic, and environmental 
aspects of P management (Amann et al., 2018; Cieślik and Konieczka, 
2017; Cordell et al., 2011; Cornel and Schaum, 2009; Egle et al, 2015, 
2016; Guedes et al., 2017; Hudziak et al., 2012; Kalmykova and Karl
feldt Fedje, 2013; Kasprzyk and Gajewska, 2019; Le Corre et al., 2009; Li 
et al., 2019; Morse et al., 1998; Poluszyńska and Ślęzak, 2015; Sengupta 
et al., 2015; Szaja 2013; Senthilkumar et al., 2014). The P recovery 
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reviews were published for individual disciplines (Bunce et al., 2018; 
Egle et al., 2015; Kalmykova and Karlfeldt Fedje, 2013; Le Corre et al., 
2009; Li et al., 2019; Mayer et al., 2016; Morse et al., 1998; Poluszyńska 
and Ślęzak, 2015; Senthilkumar et al., 2014) or as multidisciplinary 
reviews (Amann et al., 2018; Egle et al., 2016; Lu et al., 2018; Roy, 
2017) comparing and describing the economic/environmental impacts 
of methods and technologies, without considering a holistic picture 
within last twenty years. None of the reviews were scoped wider and 
analyzed a transdisciplinary and holistic approach to P management 
focused on recovery from SS as the most abundant and likely source. 
Holistic meaning that all aspects such as importance in nature, agri
culture, socioeconomy, and industry are considered. Transdisciplinary 
means that concepts (e.g., means of solving a problem) developed in one 
discipline can be applied in other disciplines and/or problems with 
multiple aspects beyond one discipline. 

Therefore, this review’s goal is a transdisciplinary approach towards 

P management based on system theory and the TRIZ method (‘Teoria 
reszenija izobretatielskich zadacz’ – Rus.). The TRIZ analyzes all aspects 
affecting P management and develops a plan for refining potential so
lutions and permanent removal of root causes of P management prob
lems (Triz journal 2020). Careful, holistic considerations of P recovery 
within the system of theory (as the characteristics of three functional 
spheres: super-system, system, sub-system) have not been analyzed yet 
in the case of P recovery. 

Map of Hypotheses was developed as the interaction of each sphere 
within TRIZ. The review presents and organizes the main areas and 
factors that influence P management. This review presents P manage
ment orderly starting from primary resources through exploitation, 
processing, industrial application, primary and secondary food pro
duction, consumption, natural P cycling and its importance in 
biogeochemical-cycles and recovery as an integrated approach grouped 
in many spheres of the life: social, economic, laws, waste management. P 

Fig. 1. The super-system diagram of spheres of P management.  

Fig. 2. Map of hypotheses on phosphorus supply (resources) and demand (humanity) problem with the super-system, systems, and sub-system elements.  
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recovery assessment through TRIZ is organized based on P function, 
role, occurrence, resulting in practical ways of its recovery. The method 
allows generalizing the problem with P recovery and solution by elim
inating contradictions during the whole process. 

2. Phosphorous management within a system of theory (TRIZ) - 
the division of systems 

The industry has successfully used TRIZ theory. Large companies 
used and adopted TRIZ to their internal processes for finding solutions 
and intellectual property (Jiang et al., 2011). The TRIZ is useful when 
there is a need to solve ‘wicked,’ complex problems that lead to a situ
ation where the available knowledge does not provide an efficient and 
transparent solution. 

P recovery is a complex challenge to sustainability. There is not a 
single solution due to substantial technical and institutional challenges. 
Therefore, the main task is to identify an integrated, holistic, context- 
specific approach that allows identifying areas of most significant 
impact. Humans have the most critical impact on the availability and 
utilization of P management. Humans are responsible for excavation- 
extracting-exploitation of P and searching for methods that would be 
the most economically beneficial and minimizing the negative impact on 
the environment. 

Considerations towards P recovery with the TRIZ approach can be 
limited to three dependent and related spheres: super-system, system, 
and sub-system. The supersystem is an environment where the system of 
P management functions. Supersystem represents all P management 
factors that cover global scale phenomena like resource availability, 
climate change, demography, United Nations policies, and global 
economy. Supersystem factors are the drivers influencing the perfor
mance of the P management system. The system is built from smaller 
components, including technologies, techniques, devices, and humans 
combined to fulfill the P management system’s goals. These components 
are sub-systems. Therefore, the system represents all elements, mecha
nisms driven by supersystem factors and linked with subsystems to 
achieve the P management system’s goals. 

It should be noted that these spaces are dependent and related, often 
complementary to each other and interpenetrate. Therefore, solving P 
management problems must consider interconnections between 
spheres. Authors have identified the following ‘super-system’, ‘system,’ 
and ‘sub-system’ tools for P management (Tables A2, A3, A4). 

The spheres and elements building the super-system of P manage
ment are shown in Fig. 1: 

Each super-system sphere contains specific elements consisting of P 
management’s system and sub-systems in each sphere. Identified 
spheres are overlapping with each other. A strong correlation may be 
found as human activity covers all the P management super-system’s 
identified spheres. This correlation creates numerous problems, which 
the transdisciplinary approach may solve due to the complexity and 
overlapping of the P management super-system’s spheres. 

The first step was identifying the P management problems in the 
form of a Map of Hypotheses (Fig. 2). The ‘big picture’ approach, in the 
initial phase, was to identify the scope of potential solutions. The pur
pose was to develop a process for identifying and refining potential so
lutions and feasible permanent removals of problem cause for P 
management. All identified super-system, systems, and sub-system ele
ments are discussed below. 

3. The P recovery within super-system 

Parametric definition of the problem, i.e., a strong relation of human 
development with P availability and applicability in P management’s 
current system, is a prerequisite for a solution. First, the contradictions 
within the system were determined. The first contradiction was the two- 
way relationship between P and humanity (Fig. 2). A strong link to 
human development is evident at the super-system level:  

− DP1 Natural biogeochemical P cycles,  
− DP2 Need for food consumption,  
− DP3 Life in the polluted environment,  
− DP4 P importance to natural and industrial processes,  
− DP5 Know-how on P exploitation and utilization,  
− DP6 P supply. 

Eliminating even one of them will result in a solution to the problem 
at the super-system level. If the natural P cycling and chemical trans
formation of P (DP1) within the biosphere, lithosphere, hydrosphere, 
and atmosphere on Earth is disrupted or broken, humanity’s strong 
correlation with P will also be disrupted or broken. If humanity (hypo
thetically) could stop eating food (DP2), the correlation disappears due 
to humanity’s extinction. If we continue to live in an over-polluted 
environment (DP3), humanity will disappear. If humanity replaces the 
P element with another element (DP4), the correlation disappears – a 
new correlation will arise. If humanity does not have the know-how 
(DP5) on P exploitation and utilization or forgets this know-how, the 
technical and functional limited possibilities of P utilization will remove 
the strong correlation of humanity with P. If the supply of P is not suf
ficient, humanity will be extinct (DP6), and the correlation will be 
severed. The five first scenarios (DP1 – DP5) are somewhat utopian or 
not realistic. However, the sixth (DP6) is possible. Below, each of the 
scenarios is described briefly. 

3.1. DP1 – natural biochemical P cycles 

P is a significant nutrient of the earth’s biogeochemical cycles and 
crucial for organisms (Blake et al., 2005). P has no stable gaseous form. 
However, it is present in the atmosphere as particulate matter (dust) and 
then effectively removed by precipitation, dry deposition on land and 
open water reservoirs (Blake et al., 2005; Joshi et al., 2015; Reinhard 
et al., 2017). Its natural cycle has been disrupted mainly due to severe 
exploitation (mining), converting it to fertilizer, shipping fertilizer, and 
P-derived products worldwide, and transporting P in food from farms to 
cities. Food production needs the application of fertilizers containing P 
constituting basic fundamental rights to human existence. 

Human activity is responsible for ~30% of P transfer; therefore, its 
input to the ecosystem has changed drastically (Bennett et al., 2006; 
Yuan et al., 2018). Atmospheric nutrient deposition increased 
plant-available N and P cycling. These changes are related to mining P 
for fertilizer, transporting it in fertilizers, animal feeds, crops, waste 
generated, land transformation, and soil disturbance. Precipitation, 
weather, atmospheric CO2, and anthropogenic changes in the P cycle are 
local. There is not much information on the anthropogenic influence on 
P cycling at the local level. More attention in global change studies 
considers N and C cycles (except for the eutrophication) (Beni
tez-Nelson, 2000; Bennett et al., 2006; Blake et al., 2005; Joshi et al., 
2015; Yuan et al., 2018). 

Biogeochemical P cycling can be considered in various types of 
ecosystems, of which the aquatic environments and agronomic fields are 
best known (Conley et al., 2008; Defforey and Paytan, 2018; Jaisi et al., 
2011; Joshi et al., 2016). Both involve P transformations among plant 
species, biotic/abiotic processes of which the plant and microbial P 
uptakes are best known (Benitez-Nelson, 2000; Bennett et al., 2006; 
Blake et al., 2005; Yuan et al., 2018). The P cycle in an aquatic 
ecosystem is based on the availability of inorganic phosphate (Pi) and 
organic P (Porg), with the latter dominating as a P source. Pi (usually 
found in free phosphate) is regarded as a necessity for microbial nutri
tion, but its concentrations can be limited in selected aquatic environ
ments, especially in oligotrophic marine habitats (Duhamel et al., 2010). 
The P cycle relies on Pi’s recycling from organic biomass and Pi’s release 
from Porg, affecting its availability. Pi’s rapid depletion leads locally to a 
decrease in low phosphate concentrations in freshwater and marine 
environments (Lin and Guo 2016). This trend affects many lakes, parts of 
the oligotrophic oceans (both Atlantic and Pacific), and the Eastern 
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Mediterranean Sea (Benitez-Nelson, 2000; Ruttenberg, 2013; Yuan 
et al., 2018). 

P occurs in both organic and inorganic soil types and various soluble/ 
insoluble forms. Many P fractions are transported into surface water by 
irrigation or precipitation. The losses of soluble P are related to phos
phate leaching out into groundwater. It concerns plants which growth is 
phosphate-saturated. Leached out P can cause eutrophication in lakes 
(Daneshgar et al., 2018), i.e., the oversupply of phosphate in both fresh 
and inshore marine waters leading to massive algae blooms. This is 
caused mainly by human operations such as the excess P in fertilizers 
from farms, food for aquaculture, untreated, treated sewage, and in
dustrial wastewater inputs. P enhancing the water environment 
(eutrophication) should be monitored (Bennett et al., 2006; Li et al., 
2017). 

3.2. DP2 – need for food consumption 

Securing global safety and continuous food supply is among the 17 
Sustainable Development Goals (SDGs). P management is also linked 
with the assumption that SDGs will be gradually implemented. The SDGs 
are aiming to achieve universal access to essential services by 2030. P 
recovery is possible sustainable in concordance with the Circular 
Economy. Circular Economy (CE) proposes a promising strategy that 
combines environmental and economic aspects that reduce, recover, 
reuse, and recycle materials (4R’s) (European Commission. Report on 
critical raw materials for the EU 2020; Cordell et al., 2011; Cordell and 
White, 2011). European Union promotes reusing waste such as SS and 
‘closing the loop’ of SS management in rural-urban-rural settings. This 
strategy represents the base of a sustainable policy and promotes the 
recirculation of nutrients, and enables returning them to agriculture 
(European Environment Agency, 2014; Alvarenga et al., 2017). 

The SDGs are the rules to obtain a better and more sustainable future 
for all and concern all environmental and human life elements, 
including crops, soil, biodiversity, poverty, waste management, and 
water protection (Berners-Lee et al., 2018). The first goal of SDGs is to 
address poverty. The UN Millennium Development Goals (MDGs) 2000 
aim at eradicating poverty and hunger by developing productive ca
pacities and creating productive jobs. The two first goals aim at food 
production that is related to P use. The first goal (set in place in 2015) 
aims to ‘limit the population living in hunger to 500 million in 15 years’ 
(Govindan, 2018). The second goal aims to secure food production 
systems and agricultural practices for increased productivity. 

Around 800 million people are still suffering from malnutrition 
(Berners-Lee et al., 2018; FAO, 1993). Many countries are not food 
secure due to water deficit and inefficient water resource management, 
and inappropriate land use (Kikuchi et al., 2018). The increased popu
lation caused increased consumption (Berners-Lee et al., 2018; Govin
dan, 2018) as the world’s population changed from ~2.5 (1950) to ~7.3 
billion (2015) (Berners-Lee et al., 2018). The UN forecasts the global 
population increase to ~10 billion by 2050 (Berners-Lee et al., 2018). 
The population increase causes an increase in food production, demand 
for fertilizers (including P), and at the same time, impacting the envi
ronment (Berners-Lee et al., 2018). Sustainable food production, stor
age, transport, marketing, access, and consumption are sustainable 
development goals where the P cycle could be closed. 

Agriculture in Europe is based on the Common Agricultural Policy 
(CAP- Strategic Plans) that set specific standards/norms for acceptable 
agricultural and environmental practices, including reducing P losses in 
agriculture (Stubenrauch et al., 2018). Common Agricultural Policy is 
presented in Table A5. 

EU agricultural and environmental legislation affects a member’s 
agricultural practices, including P use and environmental protection (EU 
Agricultural outlook 2018–2030). The environment and natural re
sources are essential components for the sustainability of both devel
oped and underdeveloped countries. 

3.3. DP3 - life in a polluted environment 

Rapidly increasing quantities of waste generated is the main problem 
of the worldwide environment. The waste management sector is under 
local government oversight. An inappropriate collection of waste leads 
to environmental damage, including deterioration of environmental 
aesthetics, local flooding, and land, air, and water pollution resulting in 
human health hazards. Despite increasing amounts of waste production, 
the current methods and disposal are not adequate to ensure acceptable 
conditions and standards to ensure sustainable methods of its 
management. 

The critical issue of sustainable development is its universal accep
tance by society. Acceptance is essential for the recovery of materials 
from “wastes.” All aspects (environmental, socioeconomic) must be 
analyzed. The level of ecological awareness of the natural environment 
has increased globally since the 1950s. However, the public attitude 
towards P recovery is not well examined scientifically (de Boer et al., 
2009, 2018). Table A6 below summarizes several recent initiatives 
connected to sustainable P. 

Societies today face new issues connected to the environment char
acterized by variable traits (Kinzig et al., 2013). Ecological education is 
needed, especially among young people (Kinzig et al., 2013). Addi
tionally, regulations, penalties, and incentives should be used as policy 
instruments to change behaviors and draw attention to the existing 
problem (Brulle and Dunlap, 2015; Carlson, 2001). Social aspects of P 
recovery are varied between countries. The term ‘recycling’ and ‘circular 
economy’ (CE) carry a somewhat positive connotation. However, SS’s 
fertilizer industry and fertilizers have a slightly negative connotation (de 
Boer et al., 2018). 

Global waste production totals four billion metric tons per year, and 
~20% can be recovered (Egle et al., 2016; Karunanithi et al., 2015; Peng 
et al., 2018). Waste management has a global scale and should be based 
on 4Rs rules (Reduce, Reuse, Recycle, Recover). Approximately 1.3 
billion tons of municipal solid waste is produced annually. According to 
the future forecast, the amount of waste generation will be ~2.2 billion 
tons by the end of 2025 (Rhyner et al., 2018). 

Europe produces over 250 million tons of municipal waste annually 
and more than 850 million tons of industrial waste (Eurostat, 2017). EU 
set goals for CE policy, including hazardous household waste that must 
be selected separately by 2022, waste classified as bio-waste by 2023, 
and textiles by 2025 (Waste Policy, 2020). The key to CE is a way of 
turning waste into a valuable resource. The European Directive (Council 
Directive, 2008/98/EC) has implemented significant changes, allowing 
to extend the life cycle of waste that can be further used as organic-rich 
waste or the source of P (Alvarenga et al., 2017). This document 
launches a new era of ‘End of waste’ connected with other sustainable 
concepts such as ‘Zero waste’ or ‘Zero Landfilling.’ The zero-waste 
concept is related to urban mining, which is transforming the major
ity of waste into natural resources. 

Developed countries show interest in this approach, where resources 
like waste will be used by urban mining (Andrienko et al., 2017; 
Johansson et al., 2016). In turn, waste production will be minimized. In 
California, Del Norte County was the first US county that implemented 
the Zero Waste plan in 2001 (Cossu and Williams, 2015). Selected 
countries (Italy, the UK, Japan, USA) are also introducing zero waste 
concepts for municipal waste management. These environment-friendly 
methods include incineration, plasma gasification, pyrolysis, aerobic 
and anaerobic digestion, vitrification, and deep slurry injections 
(Beyene et al., 2009; Edwards et al., 2014). ‘Zero landfilling’ aims at 
reducing the amount of landfilled municipal waste to <10% of the total 
waste produced by 2035 (Kumar, 2017). 

‘Green economy’ is related to urban mining. Cities are promoted as 
the place enabling innovation, creating employment, generating wealth, 
and enhancing life quality (Brown and McGranahan, 2016). The smart 
cities can be described using the words start with V letter: ‘variety,’ 
‘volume’ and ‘velocity’ (Hollands, 2008). The Internet of Things (IoT) 
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can be used to monitor city infrastructure (traffic flow, parking, water, 
and air quality) while enabling cities to be more sustainable (Caird, 
2018; Joss, 2016). 

Changes caused by rapid urbanization, industrialization, intensive 
agricultural production impact the water environment and availability. 
According to the 6th SDG, it is an obligation to provide equal drinking 
water availability for everyone, its sustainable use, and sanitation needs 
for all (Nhamo et al., 2018). Many agricultural activities need water for 
crop cultivation, transportation, processing, and trade (Cosgrove and 
Loucks, 2015). 

The world reserves of water are estimated at ~1.4 billion km3 

(Chartzoulakis and Bertaki, 2015; Poff et al., 2016; Rodell et al., 2018; 
Sophocleous, 2005). Agriculture needs the most significant amount of 
water (accounting for ~69% of all withdrawals), followed by the in
dustrial and domestic (21%) demand, especially in developing econo
mies. Around 40% of the world’s food is derived from ~18% of the 
cropland that needs irrigation. Irrigated areas constitute ~1% per year 
of water consumption and demand, and the observed tendency will be 
increased from 70 to 90% by 2025 (Sophocleous, 2004, 2005). The 
global population will reach 8 billion in 2025 and 9.3 billion in 2050 
(Sophocleous, 2004). Today, about one-third of people live in countries 
with limited availability (Rodell et al., 2018; Sophocleous, 2004). Equal 
water resource availability requires technologies that save water, 
improve management and access, and enable sustainable use of irriga
tion water (Chartzoulakis and Bertaki, 2015; Rodell et al., 2018). 

Water is subjected to stress and pollution. Water pollution results 
from industrial and commercial waste, agricultural practices, human 
activities, and transportation. Heavy metals, pesticides, and radioiso
topes pollute waters (Owa, 2014). Education can help with minimizing 
waste (Owa, 2014) and water pollution. The policies protecting water 
are presented in Table A7. 

One of the most challenging water pollution issues is N and P’s un
controlled discharge, causing water eutrophication. N and P levels in 
waters increased due to producing large amounts of domestic wastes, 
intensifying agricultural practices, and urban development (Moss, 2014; 
Rabalais et al., 2009; Yang et al., 2008). Education, comprehensive 
guidelines, and monitoring can address eutrophication (Schindler et al., 
2008; Yang et al., 2008). 

Energy is one of the most fundamental life needs. Population growth, 
enhancement of building services, developed technologies in transport 
and industry, and increased comfort and living standards have led to 
increased building energy consumption. This trend will be continuing in 
the future, and energy consumption will be higher. The three largest 
energy use countries (China, the US, and India) use nearly 70% of global 
energy. It is estimated that energy use will increase by ~3.2% per year 
(Pérez-Lombard et al., 2008; Wood and Newborough, 2003; Zhao and 
Magoulès, 2012). 

SS and waste can be used as a renewable source to obtain biogas 
using available processes like anaerobic digestion and thermochemical 
conversions (combustion, pyrolysis, gasification) (Chow et al., 2003; 
McKinsey Global Energy and Materials, 2009). Biogas obtained in this 
way could be used in bio-methane production. Its conversion into heat 
and electricity through cogeneration can replace natural gas (Manara 
and Zabaniotou, 2012; Tyagi and Lo, 2013). An example is producing 
energy in waste and wastewater treatment plants from waste in the US 
(Pérez-Lombard et al., 2008). 

Soil erosion is considered one of the most severe environmental 
problems. It affects soil fertility and availability for crops and food 
production. The total land area subjected to soil erosion is estimated at 2 
billion ha (Lal, 2001, 2015). It is also estimated that ~10 million ha of 
land destined for cultivation is lost each year. According to the WHO, 
approximately 3.7 billion people are malnourished due to soil degra
dation (Bindraban et al., 2012; Pimentel, 2006). The directive/acts 
connected to soil protection are presented in Table A8. 

In N. America, the Canadian act called Agriculture Soil conservation 
(1) in Canada and the U.S. soil policy (Soil 2019) comprising the Soil 

Science Interagency Working Grou is in place. 
Changes in an environment connected to global energy usage growth 

will also affect biodiversity loss and ecosystem degradation. Table A9 
presents the existing policy/acts related to biodiversity. The intensive 
exploitation of ecosystems has led, on the one hand, to significant in
creases in the growth of services that are used by humans (food, fuel, and 
fiber), but on the other hand, a loss of biodiversity (Cardinale et al., 
2012; Díaz et al., 2006; Duffy, 2003; Norris, 2012). Biodiversity is 
related to sustainable development, therefore developing strategies for 
sustainable agriculture, forestry, animal husbandry, and fisheries are 
needed, including monitoring and traceability (EU Biodiversity Strategy 
for 2030). 

The growth of the world population is connected to higher waste and 
sludge production. In 2010, global domestic water withdrawals per year 
ranged from 390 km3 to 477 km3. The countries with the highest amount 
of municipal wastewater production are United States, China, India, 
Brazil, and Indonesia (Mateo-Sagasta et al, 2015, 2017). The production 
of SS gains approximately 10 million tons (dry matter basis) in Europe, 
20 million tons in China, and 49 trillion liters in the US (Oladejo et al., 
2019). SS contains heavy metals and other persistent toxic substances, 
depending on the source of its origin and technologies used for waste
water treatment. Sludge has valuable nutrients (N, P), organic C, and 
energy and fits in the circular economy as a material with valuable traits. 
Table A10 presents the directives connected to waste management. 

3.4. DP4 - the importance of phosphorus for life 

3.4.1. The role of phosphorus in living organisms 
P is one of the essential nutrients needed by all organisms. P is 

essential for the growth and development of body cells, cell membranes, 
and tissues. 

The human organism contains 1% of P, compared with elements like 
O (65%), C (18%), H (10%), N (3%), and Ca (1.5%) (Chang and 
Anderson, 2017; Moe, 2008). An average adult’s body contains 
500–800 g of P. The majority of P is accumulated in the skeleton as a 
mineral in the form of bones (Jankowska et al., 2012). P is also released 
in human urine, which creates a feasible pathway for recovery. 

3.4.2. The role of P in agriculture 
P occurs naturally in foods and food additives (emulsifiers, stabi

lizers, and ripeners). About 90% of P enters the food chain as a fertilizer, 
~7% as a food additive, and 3% as other forms (McClure et al., 2017). 

P plays an essential role in food production. Plant cultivation is 
inseparably connected to fertilization. P constitutes one of the six 
macronutrients required by plants and is second next to N, responsible 
for limiting crop growth (Balemi and Negisho, 2012). Supplying nutri
ents in fertilizer ensures the proper growth and development of plants. 
Its role in plant growth comprises energy transfer, photosynthesis, and 
the transformation of sugars and starches. However, P is the least 
accessible macronutrient because of low availability and weak recovery 
from applied fertilizers (Balemi and Negisho, 2012). P is also crucial for 
plant growth and development. Its availability depends on the soil’s 
chemical properties and Ca, Fe, and Al content. 

The P deficiency can cause physiological and morphological changes 
such as non-effective flowering, reduced fruition, and yield decrease 
(Balemi and Negisho, 2012). The soil’s total P content is relatively low 
compared to N and K content and ranges from 50 to 3000 mg kg− 1. The P 
content depends strongly on the type of crop, climatic conditions, crop 
removal, and fertilization rates. The lack of P results in decreased yield 
and quality (Bezak-Mazur and Stoińska, 2013; Jama-Rodzeńska et al., 
2016; Rodriguez-Morgado et al., 2015). 

3.4.3. The role of P in industry and domestic use 
P is widely used in producing chemicals, food production, and 

preparation of foodstuffs, steel, pharmaceuticals, detergents, flame re
tardants, etching agents, and lithium-ion-phosphate electric-vehicle 
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batteries. The cathode and anode masses for the electrodes were pre
pared using the following mass ratios: 85% of doped iron-lithium 
phosphate (or doped lithium titanate), 10% of carbon black, 5% of 
PVDF (Chekannikov et al., 2017). Lithium-ion batteries (LIBs) are the 
dominant technology in electric vehicles today. Battery recycling could 
reduce 20–23% of Li’s cumulative materials requirements by 2050. The 
share of secondary materials in the battery stock could theoretically be 
as high as recycling efficiency, i.e., above 90% (Xu et al., 2020). Total 
production worldwide of LiBs in 2017 gained 11,400 metric tonnes and 
is expected to increase (Tolomeo et al., 2020). As the molecular weight 
of LiFePO4 is 157.7 g/mol and P is 31 g/mol, the fraction of P in 
Li-phosphate batteries is ~16.7%. Therefore, the mass of P used for LFB 
may be estimated at the level of 1900 tonnes. 

P recovery products, e.g., hydroxyapatite and struvite, can be used in 
agriculture and for bioceramics, fire-resistant panels, and cement (Kal
mykova and Karlfeldt Fedje, 2013; Mayer et al., 2016). 

3.5. DP5 - phosphorus exploitation and utilization know-how 

Almost 90% of P is derived from phosphate rock (Li et al., 2019). P 
production is costly because deposits are being depleted, while mining 
faces increased energy prices and environmental disadvantages. P is 
excavated with existing technologies based on conventional methods 
(Hakkou et al., 2016; Larsdotter et al., 2007; Li et al., 2015; Lun et al., 
2018). In 2017, an estimated 263,000 tons of phosphate rock were 
mined worldwide, more than in any prior year (Stubenrauch et al., 
2018). However, its current use has negative environmental impacts and 
is not sustainable (Reijnders, 2014). Conventional P production is based 
on ore transportation to a processing facility, where floatation separates 
fluorapatite from clay, limestone, and silicates. Apatite (the main 
phosphate mineral used for fertilizer production) demands conversion 
into a water-soluble form. Rock phosphate is an insoluble form. The 
addition of sulfuric acid to phosphate concentrates and then filtration 
facilitates the usable P form production (Egle et al., 2015; Hakkou et al., 
2016). 

It is estimated that the global usage of P fertilizers and in the in
dustrial sector will gradually increase from 43.7 million tons (2015) to 
48.2 million tons (2019) (Hermann et al., 2018). In the EU alone, the 
crop production sector requires ~3,330,000 t P∙y− 1. Agronomic P in
puts as artificial fertilizer are ~14.2 Tg P⋅y− 1 and an additional 9.6 Tg 
P⋅y− 1 from manure. However, these inputs exceed P removal by culti
vated plants (~12.3 Tg P⋅y− 1), creating environmental problems. P 
deficits that exist on a global scale are estimated at ~30% (Heino et al., 
2018; MacDonald et al., 2011). 

P losses depend on the local soil and climate conditions, crop type, 
agricultural practices, technology development, and other factors. Also, 
P recycling’s efficiency depends on the type of the recycled material, 
item, used technology, the system of waste collection, logistics of 
transportation, and other factors. 

The largest P losses include losses from consumption (54%) and 
losses through wastewater (55%). The loss of P to wastewater consti
tutes 15% of the total imported P (Jupp et al., 2021). 

The total P losses are presented as follows over 70 years:  

a) P net accumulation was 79 Tg P between 1950 and 2010;  
b) P losses to surface water bodies from 0.2 Tg in 1950 to 2.4 Tg in 2010 

(45% %) of the P losses occurred during the last 10 years;  
c) loss of P from crop production - from 0.04 Tg in 1950 to 0.4 Tg in 

2010;  
d) P loss from animal production from relatively small in 1950 to as 

much as 2.0 Tg in 2010 (Bai et al., 2016). 

P use efficiency in the food chain has decreased dramatically from 
35% in 1950 to 6% in 2010, and it is reported that 80–90% of P extracted 
is used as mineral P in the agriculture sector, and of that only 20% is 
taken up by crops and ends up in the food consumed by humans. Mean P 

use efficiency in food production constituted an average of around 37% 
during the period 2000–2010, while in 1956, this rate constituted 89% 
(Bai et al., 2016). P use efficiency in the food chain was also charac
terized by a decreasing trend from 35% in 1950 to 7% in 2010. Esti
mated total P losses will increase to 5.1 Tg in 2030, a 66% increase 
compared to 2010 (Bai et al., 2016). 

Similarly, the meat industry’s P demand also depends on the type of 
the livestock, type of the final products, meat treatment technologies, 
and (if we include the animals feeding) the feed and farming type. Total 
global P demand will increase per capita from 1.32 kg/person in 2007 to 
1.55–1.72 in 2030–2050, respectively. This trend will continue due to 
changes in eating habits and meat-rich diets, which are especially 
common in developing countries (Kamal et al., 2019). 

3.6. DP6 phosphorus supply 

The elemental form of P occurs in two forms that differ physically 
(color) white (or yellow) and red P, both with different chemical char
acteristics. White P is characterized by high reactivity, while red P is 
more stable. It is not possible to find P in its elemental form in nature 
because of its high reactivity. P occurs in minerals (mainly as phosphate) 
worldwide. These reserves contain about 15–20% phosphate (Danesh
gar et al., 2018). P exists in the world, mainly in minerals, but 
high-quality deposits are not homogeneously available. Apatite is the 
most common group of minerals containing P (Daneshgar et al., 2018). 
Phosphate rock is difficult to obtain today, and its exploration for new P 
deposits is costly (Bezak-Mazur and Stoińska, 2013; Childers et al., 
2011; Priha et al., 2014; Sengupta et al., 2015). 

Most of the world’s phosphate reserves are located in Morocco, ac
counting for approximately 70% of the total reserves. Morocco is also 
the largest exporter of phosphate rocks. China is the second in the 
ranking (6% of the world’s phosphate reserves). Europe has relatively 
small phosphate rock deposits, and P demand depends strongly on its 
import from Morocco. In the USA, the domestic P reserves will be 
decreasing within 25 years, and ~10% of its P demand is imported 
(Childers et al., 2011; Roy, 2017). U.S. dominates the global demand for 
mineral P (24%), followed by China and other Asian territories (18%) 
and Africa (17%). New deposits of P can be found in Peru, Australia, and 
Namibia. There are no significant phosphate deposits in the EU, and 
those existing are not mined for economic and technical reasons 
(Childers et al., 2011; Morse et al., 1998; Roy, 2017). 

Potential sources of recoverable P are present in many commonly 
available materials: wastewater, SS, ash, urine, activated SS. Waste
water P comes from three primary sources: human metabolism 
(30–50%), detergents (50–70%), industry (2–20%). SS and the incin
erated material (ash) is an excellent source of P for potential recovery 
and reuse, which has developed technologies for its recovery. SS could 
deliver 5.5–11.0% of the total P used in the EU as a fertilizer. The P 
recovery from incinerated ash (originating from SS) for the EU is esti
mated at 10% (Álvarez et al., 2018; Atienza-Martínez et al., 2014; 
Cieślik and Konieczka, 2017; Kalmykova and Karlfeldt Fedje, 2013). 

The amount of P that can be found in municipal wastewater could 
replace 40–50% of the annual artificial P fertilizer use in the agriculture 
sector (Egle et al., 2016). Both P and N represent the main two elements 
in the SS, and therefore, it is rational to target them for recovery 
(Gawdzik et al., 2015). Incineration and nutrients recovery from sludge 
will be playing an important role in the near future (Gawdzik et al., 
2015; Heimersson et al., 2017; Kirchmann et al., 2017; Kominko et al., 
2017; Papa et al., 2017; Werle and Dudziak, 2014). SS should be treated 
as the largest potential source of unrecovered P, and currently, P re
covery from SS in Europe is marginal and decreasing. This is because of 
concerns about environmental and health risks associated with the po
tential content of heavy metals, organic pollutants, and biological 
contamination, including pathogens (Kirchmann et al., 2017). Typical 
uses of SS are co-incineration in industry and cement sector heating 
plants or waste incinerators. While useful and fitting well into the 
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2014. Bioleaching phosphorus from fluorapatites with acidophilic bacteria. 
Hydrometallurgy 150, 269–275. https://doi.org/10.1016/j.hydromet.2014.08.002. 

Rabalais, N.N., Turner, R.E., Díaz, R.J., Justić, D., 2009. Global change and 
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