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Abstract
In the transition to the circular economy (CE) model, the sustainable management of raw materials plays a key role in the
whole value chain. One of the most important critical raw materials (CRM) for the European economy is Phosphorus (P),
which cannot be replaced by any other element. This paper presents the current P management structure in Poland taking
into account the sources of P, its consumption and recycling. At present, no phosphates are produced in Poland and the
demand for P-bearing raw materials is satisfied entirely by imports. There is high potential for recovery of P from selected
secondary sources due to an increase in the generation of P-rich waste, such as municipal and industrial sludges (947.2 thous.
Mg of dry solid waste in 2016), sewage sludge ash (45 thous.Mg /year) or biomass ash (4.2 million Mg/year); however, P
recycling is not commonly undertaken in Poland. In order to transfer the Polish economy to the CE model, the government
is working on strategies and programmes that take into account the sustainable management of raw materials. The most
promising sources of P are municipal and industrial wastewater, sewage sludge and sewage sludge ash and, therefore, basic
legal recommendations for nutrient recovery in the wastewater sector were proposed by Polish organisations dealing with
environmental concerns. The paper also presents the basic action thatis recommended to be undertaken with the objective
of improving the sustainable management of this CRM in the Polish economy.
Keywords Phosphorus · Recovery/recycling technologies · Zero waste · Circular economy (CE) · Sustainable management

Introduction
Sustainable development (SD) is a global strategy adopted
by countries all over the world which indicates the necessity
to integrate the economic, environmental and social aspects
of all activities in order to meet the needs of present and
future generations [1]. Currently, the implementation of SD
principles in the European Union (EU) is realised by transition to the model of a circular economy (CE), where the
added value of products is retained as long as possible and
waste is eliminated [2, 3]. In the CE model, special attention
is paid to critical raw materials (CRMs) which are economically and strategically important for the European economy,
but have a high-risk associated with their supply [4].
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One of the most important CRMs for the European economy which cannot be replaced by any other element [5] is
phosphorus (P), which is an element essential for human
nutrition, with limited resource [6]. As Europe has no significant P mines [7], it is highly dependent on the import of
P ore [8]. Phosphate rock is unevenly distributed across the
globe, which results in only a small number of countries
controlling the world’s remaining reserves [9]. The current
worldwide P reserves are estimated at 67 × 109 Mg P and
the world mining production in 2013 was 0.22 × 109 Mg P.
About 75% of known reserves are located in Morocco (the
main exporter). United States of America, (USA) also has
significant reserves but their P-based products are not sold
on the global market, which further limits the source of supply as far as European countries are concerned. Strategically,
Europe should be independent in the supply of P raw materials, and therefore, there is a significant need to look for
P-rich residues, which can be important secondary sources
of this CRM [10–12].
Action aimed at promoting proper management of P
resources has already been taken in developed European
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countries such as Germany and Switzerland with the aim
of achieving P security in the domestic economy. From the
beginning of 2016, P recovery and recycling from sewage sludge and slaughterhouse waste has been obligatory
in Switzerland. The new regulation was introduced with a
transition period of 10 years. Switzerland claims to be the
first country in the world to oblige resource recovery. The
new regulation was introduced with a transition period of 10
years. Switzerland claims to be the first country in the world
to oblige resource recovery [86]. One of the newest German
regulations, which should help in making them independent
of external sources of P supply, is the new sewage sludge
ordinance which entered into force on 1st January 2018 [87].
This step makes P recovery from sewage sludge obligatory
on all German wastewater treatment plants (WWTPs) larger
than 50,000 person equivalents (p.e.), that is around 66% in
WWTPs larger than 50,000 p.e. in Germany. They have to
recover the phosphorus if the sludge contains more than 2%
P /DS (dry solids) or have to incinerate the sludge in monoincinerators. Moreover, in Germany, a special dedicated network of stakeholders from science, industry and public bodies: Deutsche Phosphor Platform (DPP) was created in order
to establish a sustainable model of phosphorus management
through more efficient use of P as well as effective recycling and reprocessing. Currently, Switzerland and Germany
have taken a lead in environmental engineering solutions and
have identified several ways of recovering P from different
waste streams. These countries promote an interdisciplinary
systems thinking approach in the development of proposals for regulations and recommendations for policy makers.
Following the legislative developments in Switzerland and
Germany, Austria is also opting for mandatory P recovery
from sewage sludge to maintain their security of this raw
material and close the P cycle. Unfortunately, in most European countries, P use currently involves waste and losses at
every stage in its lifecycle.
An important European region where the sustainable
management of nutrients is especially important is the Baltic region. The effects of nutrient enrichment (mainly by
phosphorus, nitrogen and other elements), also known as
eutrophication, are perhaps the single greatest threat to the
Baltic Sea environment. Phosphorus presence in the Baltic
is a consequence of waterborne loads passing into the sea,
mainly as wastewater with a high phosphorus content. Currently, the largest inputs of phosphorus (37%) into the Baltic
Sea originate from Poland (HELCOM, 2013). Therefore, it
seems that for this country, the development of sustainable
solutions aimed at more rational P management and keeping
P in the economy should be a priority. The work focuses on
the presentation of phosphorus as a CRM for the European
economy, the importance of phosphorus recycling in the CE
model and the P management structure in Poland taking into
account the sources of P, its consumption and its recycling.
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Moreover, CE strategies and legal restrictions on the use of P
are presented, next to the basic action that it is recommended
should be undertaken (taking into account the economic,
technical, social and environmental aspects of policy) with
the objective of improving the sustainable management of
this CRM in the Polish economy.

Phosphorus as a critical raw material
in Europe
The new list of CRMs for the European economy was published on 13th September 2017. The European Commission
(EC) underlined that the 2017 criticality assessment was carried out for 78 raw materials and based on this evaluation,
27 CRMs were chosen due to the risks of their shortage of
supply in the EU and for which the impacts of a shortage
on the economy are greater than those of most other raw
materials. On the 2017 list, nine new CRMs were presented
for the EU as compared to the 2014 list. In the list from 2014
[14], phosphate rock, an important source of phosphates,
was indicated and it is included on the updated list in 2017
[4]. One of the CRMs on the extended list is phosphorus. It
is assumed that the inclusion of phosphorus in the EU CRMs
list will cause the development of EU policies promoting the
sustainable management of P materials in the near future.
Europe has very limited primary resources of phosphorus materials [15] and is dependent on outside providers
(88% for phosphate rock and 100% for phosphorus) [4].
The structure of phosphate rock and phosphorus import into
Europe, based on the 2010–2014 average, is presented in
Fig. 1. Phosphate rock is mainly imported from Morocco
and Russia. Other significant actors in the structure of phosphate rock import are also Algeria and Syria. Almost 80% of
phosphorus is imported into Europe from Kazakhstan. The
other main sources of imports of P are China and Vietnam.
European production of phosphate rock is only carried out
in Finland, but it has less than 1% of the world’s phosphate
resources which is 287.5 × 109 Mg. The securing of P supply
is made difficult by the fact that some of the main P suppliers are considered politically risky, which can cause major
problems for the European economy [16].

Phosphorus recycling in the circular
economy (CE) model
In their Communication [4] the EC provides for the “End-oflife recycling input rate” which measures the ratio of recycling from old scrap to EU demand of a given raw material
(sum of primary and secondary material supply inputs to the
EU). The estimated values of the end-of-life recycling input
rate for phosphate rock is equal to 17%, and for phosphorus
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Fig. 1  Structure of main
exporters of phosphate rock and
phosphorus to the EU (average 2010–2014). Source: own
analysis based on (COM 490,
2017)
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is 0%. Due to the fact that the recovery of these P-materials
is technologically possible, the “End-of-life recycling input
rates” presented in Europe should be higher. Research and
development (R&D) and recovery and recycling policies are
needed in this area. The concept of keeping P materials and
P products in use for as long as possible, thus maximising
their utility and minimising their waste, is compatible with
the Circular Economy (CE) model [3] promoted by the EU.
By keeping the residues of P which originate in the P life
cycle in such a way that P can be re-used in the economy can
reduce losses of functional P from the economy [17]; based
on EC assumptions, higher and sustained improvements in
P resource efficiency performance can bring large economic
benefits [3]. According to the EC Communication moving
towards a more CE in all possible branches of industry is an
essential way to deliver the resource efficiency agenda established under the Europe 2020 Strategy for smart, sustainable
and inclusive growth [18]. The importance of the recycling
of phosphorus was emphasised in the first EC Communication related to the CE in Europe “Towards a circular economy: A zero waste programme for Europe” [2]. Due to P
losses at every stage of its lifecycle, the Commission started
to develop a framework for further action (policy framework) aimed at a more sustainable use of P, which includes
selected issues such as recycling, fostering innovation, the
improvement of market conditions and mainstreaming its
sustainable use in EU legislation on fertilisers, food, water
and waste [2]. A further step was the inclusion of P issues in
the proposal for an action plan for the EU, published at the
end of 2015. In the plan to close the loop, the Commission
committed itself to taking a series of actions to encourage
the recovery of P as one of the CRMs and prepare a report
describing best practice and options for further action. Moreover, the EC was also encouraging action by Member States
on this topic in its revised proposals on waste [3]. It also
mentioned that recycled nutrients such as P are a distinct

and significant category of secondary raw materials [5]. The
quality and environmental standards related to the use of
waste materials in fertiliser production differ for now across
the Member States. In order to address this situation, the EC
is working on a revision of the EU regulation on fertiliser
use. This includes new ways of measurement to facilitate the
EU-wide recognition of organic and waste-based fertilisers,
thus stimulating the sustainable development of an EU-wide
market [2, 3].
The next step taken by the EC relating to the use of waste
as a component in fertilisers was the publication in 2016
of a CE Package laying down rules on the making available of CE marked fertiliser products on the market. Due
to one of the main fertiliser constituents being phosphate
rock, and taking account of Europe’s need to import more
than 90% of it, domestic P-rich waste could potentially cover
about 20–30% of the EU’s demand for phosphate fertilisers.
The EU has indicated that there is a currently largely unexploited investment potential remaining in relation to this. An
increase in recycling rates and reduction in import dependency for P are considered essential to European agriculture
and are mentioned as one of the key objectives for the coming years, next to the revision of the EU Fertiliser Regulation in order to extend its scope to nutrients from secondary
sources (e.g. recycled phosphates) and organic sources [19].
The inclusion of P issues in EU documents suggests
that highly effective methods of P processing and recovery
should be developed and implemented in European countries
in the years to come [20–22]. According to the principles
of a CE, the recovery of P from waste streams [23] arising
from sources such as wastewater, sludge, sewage sludge ash,
meat and bone meal, pig slurry and biomass is indicated
[24]. By increasing the recovery of phosphates and phosphorus in various branches of industry, it is possible to achieve
both economic (reduction of imports) and environmental
(reuse of waste) benefits [25]. It needs to be mentioned that
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Table 1  Quality parameters of documented phosphate deposits. Source: Mineral Resources of Poland, 2017
Deposit

Diameter of phosphate
concretions (in mm)

P2O5 content in phosphate concretes in the deposit profile (%)

Abundance of phosphate
concretions (kg / m2)

Abundance relative to the
criteria for the requirements
(in %)

Annopol
Burzenin
Chałupki
Gościeradów
Iłża—Krzyżanowice
Iłża—Chwałowice
Iłża—Łęczany
Iłża—Walentynów
Radom—Dąbrówka
Warszawska
Radom—Krogulcza

> 10
>2
> 10
>2
>2
>2
>2
>2
>2

13.5
18.1
14.9
15.2
18.6
22.3
18.6
19.9
16.5

>2

19.1

Radom—Wolanów

>2

15.4

568
385
354
496
791
891
654
470
Upper series—317
bottom series—460
Upper series—218
bottom series—504
Upper series—170
bottom series—447

32
21
21
28
44
50
36
26
Upper series—18
bottom series—26
Upper series—12
bottom series—28
Upper series—9
bottom series—25

methods of P recovery should be effective not only from a
technological [26], environmental and economic [27] points
of view, but also consistent with the social issues [28]. The
above principles of P source management should be applied
in both public and private companies [29], thus linking environmental and industrial management in order to achieve
systematic P management in all aspects of their operation
and offering efficient and effective recovery of phosphorus
sources. It is one of the important ways for transition to the
CE model of nutrient management in Europe.

Management of phosphorus in Poland
Sources of phosphorus
Phosphorus comes from primary (phosphate rock deposits)
and secondary resources (waste streams). In the earth’s crust,
P exists in the form of phosphate rock, and this is mined.
However global reserves of high-grade phosphate rock are
dwindling. Phosphorus is also accumulated in secondary
materials as both water and solid waste; therefore, they may
be valuable sources of P for industrial and agricultural purposes [30].
Resources of mineral deposits are one of the most important elements of national wealth [31, 32]. Phosphate rocks
occur in Poland in the area of Radom - Iłża - Annopol Gościeradów - Modliborzyce in various types of sediments
in the form of concretions rich in calcium phosphates [33].
Deposits of phosphate concretions averaging 14% P
 2O 5
have been identified in the NE part of the Świętokrzyskie
Mountains. Exploitation of phosphate rock commenced in
Poland in the interwar period. The ten deposits identified
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there provided resources that totalled 42.4 Mt of phosphates
(7.35 Mt P2O5), including 10.77 Mt (1.47 Mt P
 2O5) in the
formerly-mined deposits at Annopol and Chałupki [34]. The
mine in Chałupki closed in 1961, and that in Annopol in
1971. These resources were determined on the basis of the
economic criteria used in the 1950s. In the early 1980s, new
criteria were introduced and the economic value of these
deposits became negligible due to the quality of the phosphate rock and the depth of the deposits. The current requirements for balancing criteria for phosphate rock sediments
determine the maximum depth of the deposit documentation
at 400 m, the minimum P2O5 content in the phosphate rock
constellations in the bed profile − 15% and minimum phosphate rock concessions at 1800 kg /m2. The quality parameters of the documented phosphate deposits are presented
in Table 1 [33].
The deposit richness parameter differs significantly from
the requirements of balance criteria defining the minimum
requirements for cost-effective operation. The geological resources of phosphate mineral reserves are hydrated,
which would make any potential exploitation very difficult;
moreover, significant fragments of them have either been
built over or roads and railway lines, and high-voltage lines
have been constructed across them. In extreme cases, this
reduces the resources available for exploitation by as much
as 50–80%. Based on the above facts, those deposits have
not been exploited and have been removed from the national
resource balance [33].
Currently, no phosphates are produced in Poland and the
demand for phosphorus-bearing raw materials is satisfied
entirely by imports consisting primarily of phosphate concentrates. The structure of the import in Poland in 2016 is
presented on Fig. 2.
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Fig. 2  Shares of the main exporters of phosphate rock and phosphorus to Poland in 2016. Source: (Environment, 2017)

Table 2  Use of inorganic
phosphorus fertilisers in the
Polish regions in 2006–2015
[Mg] Source: ec.europa.eu/
Eurostat

Region

Central
Southern
Eastern
North-western
South-western
Northern

Fig. 3  Changes in the use of
inorganic phosphorus fertilisers in Poland in 2006–2015.
Source: ec.europa.eu/Eurostat
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The phosphorus fertiliser market is one of the most important markets for agricultural production [36]. Approx. 90%
of P is used to produce food and animal feed [37]. In Poland,
the main user of phosphate rock is the fertiliser industry (for
the production of phosphate fertilisers); on a much smaller
scale it is used by the chemical industry for the production
of various other types of phosphorus compound. The Polish
fertiliser industry produces about 1.1% of world phosphate
fertilisers and it is one of the most significant sectors of the
chemical industry. The structure of the use of inorganic P
fertilisers in the Polish regions based on Eurostat is presented in Table 1. There is a visible decline in the use of
phosphate fertilisers in all regions. Currently, the greatest
demand for P fertilisers is observed in the eastern region
of Poland, which has the largest agricultural area (Table 2).
Changes in the use of inorganic phosphorus fertilisers in

Year
2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

41,668
11,666
42,973
40,247
18,747
37,592

38,253
10,581
38,135
40,087
18,857
33,937

38,895
10,927
43,069
45,215
26,274
28,752

29,036
9,118
34,186
36,550
22,522
32,440

27,508
7,787
32,657
34,338
20,243
31,650

31,644
11,059
36,911
41,083
23,632
33,988

31,038
8,421
34,629
37,261
20,267
30,266

26,122
5,053
35,716
48,911
26,510
25,983

29,151
8,215
36,301
29,691
19,792
25,767

21,,380
7,152
31,274
28,232
17,783
26,724

2014

2015

210,000
200,000

usage [tonne]

190,000
180,000
170,000
160,000
150,000
140,000
130,000
120,000

2006

2007

The content of P
 2O5 in phosphate concentrates is in the
range of 32–33% [44]. They are imported mainly from
Morocco, Senegal, Israel, Algeria, Togo, and other countries [35]. The supply risks are of greater concern since the
production of P rock is concentrated in politically unstable
regions, including Morocco and Senegal [30]. This confirms the necessity of looking for alternative sources of
phosphorus in the domestic economy.

2008

2009

2010

2011

2012

2013

2016

Poland in 2006–2015 are illustrated on Fig. 3. The domestic
market for P fertilisers is largely dependent on global and EU
trends. In the years up to 2008, the amount of fertiliser used
reached 193 133 Mg/year. Due to a drastic increase in fertiliser prices on a world scale (in 2007 by up to 42%, in 2008
by up to 136%), the consumption of P fertilisers decreased
until 2010 [36]. In 2011, the consumption of phosphorous
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fertilisers increased and since then it has steadily declined
again. In 2016, it was 7% higher than in 2015 and it reached
142 281 Mg/year. The demand is 100% covered by imports
(Fig. 3).

Recovery of phosphorus
Due to the vital importance of P and its increasing scarcity as a natural resource, phosphorus recovery has recently
gained significant scientific and technical interest [6]. In
Poland, there is high potential for the recovery of P from
secondary sources such as:
•
•
•
•
•
•
•

municipal and industrial wastewater [38–41] ;
sewage sludge (SS) [42–44];
sewage sludge ash (SSA) [45–47];
meat and bone meal [48–50];
pig slurry [51, 52];
biomass [53, 54] ;
industrial waste (as phosphogypsum waste from chemical
production) [55].

The P-rich waste resource is large, for example the
amount of SS generated in municipal and industrial WWTPs
was 947.2 thousand Mg of dry solids in 2016 [35] approx.
45 thousand Mg of SSA per year [56] is produced in monoincineration plants and 4.2 million Mg of biomass ash [57]
is produced from which a significant amount of P could be
recovered. Despite the fact that the country could decrease
its dependency on the global phosphate rock market through
P recovery from waste [30, 58], P recycling is not a commonly used practice in Poland. Many research groups have
been working on the development of technological solutions
for effective and efficient P recovery from the various waste
streams [59]. Their development has also included comparative studies focused on a technical and economic assessment [60] of the proposed technologies in order to identify
those that are technically applicable and can be considered
market-feasible alternatives to phosphate rock mining and
conventional fertiliser production [61]. It should be also
noted that the recovery of P from various waste streams as an
environmentally-correct alternative is associated with economic concerns [62]. Since P recovery technologies require
large investment costs and there are no legal requirements
for nutrient recovery from waste streams, in the past companies did not invest in the implementation of P-recycling
technologies in Poland. In order to turn the waste into fertiliser, the issue of heavy metals removal should be also taken
into account [63].
As a result of changing trends in the waste sector, including the introduction of CE principles, new projects aimed
at the recovery of nutrients are slowly starting to be introduced in the country. The Jarocin Waterworks Company has
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signed a contract for carrying out an investment under the
project ‘Modernisation and Extension of WWTP Jarocin’.
The project includes the implementation of 5 tasks with a
total value of 60 million EUR1, supported by co-financing
from the European Union. The largest investment project is
the construction of a station for the recovery of raw materials, such as nitrogen, phosphorus and biogas, at the sewage
treatment plant in Cielcza. This would allow it to recover
between 100 and 200 kg of fertiliser per year. The water
and sewage management project carried out in the Jarocin
commune won a prestigious award at the international Wex
Global 2018 conference, which took place in Lisbon in
March 2018. In the years that follow further development
is expected together with the introduction on the market of
technologies for the recovery of phosphorus, in particular in
the wastewater sector [64].

Towards a circular economy in phosphorus
management in Poland
Strategies for a circular economy
European countries and regions, such as Germany [65],
the Netherlands [66], Finland [67] and Norway [68] have
already launched their plans for a CE. The Polish Ministry of
Development started to work on the implementation of CE
principles within the national economy in 2016. An Interdepartmental Circular Economy Group has been established
to propose actions aimed at introducing a CE under the Polish roadmap ‘Transformation towards a circular economy’
[69]. The group was divided into four thematic sub-groups
focused on waste, bio-economy, business models and soft
actions (education and promotion), which consist of industrial and socioeconomic partners from all parts of the Quadruple Helix, i.e. government, academia and research units,
industry, NGOs and citizens. The objective of the group is
to identify opportunities, threats, strengths and weaknesses
in the context of the transition towards a CE, develop a position with regard to the EU initiatives related to the transition towards a CE and develop the Polish roadmap for the
implementation of a CE. As a result of the reconstruction of
the Polish government, from 1st January of 2018, the tasks
related to the CE were taken over by the newly established
Ministry of Entrepreneurship and Technology, which currently is working on a national action plan for a CE. One of
the most important issues in the roadmap is the management
of raw materials and waste according to CE principles. In the
case of phosphorus this requires sustainable use of primary
sources of P and directing as much P-rich waste to recycling
1

1 EUR ~ 4.2 PLN.
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as possible. The proposed Polish roadmap ‘Transformation
towards a circular economy’ indicated the directions and
basic recommendations for the building of a CE in Poland.
However, there is no specific information directly related to
nutrient recovery. Those will be proposed in further regulations relating to waste management.
The Ministry of Environment is also working on the
development and implementation of CE principles in
Poland. In 2016, the ‘CE Pilot Priority Programme’ was
established with the participation of five municipalities—
Krasnobród, Łukowica, Sokoły, Tuczno and Wieluń. The
project is supported by the National Fund for Environmental Protection and Water Management (Towards a Circular
Economy, 2016) and focuses on the development of best
practices in the waste, water, energy and education areas
towards developing a CE at local level. A further stage is an
exchange of views and knowledge transfer to other Polish
regions. The models of municipal management promoting
a CE will thus be transferred to other Polish communities.
The Ministry of the Environment also shares educational
materials on the CE with both lecturers and students. This
will help raise citizen awareness on the CE and ultimately
lead to the implementation of CE principles in everyday life
and then in business practice.
It should also be noted that the management of raw
materials (RMs) is one of the main tasks of the Ministry
of Environment. Currently, one of the most important projects related to RMs in Poland is the State Raw Materials
Policy, which is the result of the work of the Ministry of
Environment with the support of the representatives of all
other ministries, business entities, etc., in particular those
that form part of the Interdepartmental Group for the State
Raw Materials Policy, scientific institutions and citizens.
The development of the State Raw Materials Policy is based
on nine pillars:
• The demand of the domestic economy for mineral RMs;
• obtaining RMs from mineral deposits and the heat of the

Earth;

• the acquisition of RMs from waste, their substitutes and

reclamation and remediation;

• obtaining scarce mineral resources by import and inter-

national cooperation;

• the legal conditions of the State’s Raw Materials Policy;
• dissemination of knowledge about geology, mining and

mineral resources;

• the institutional framework for the development and

implementation of the State’s Raw Materials Policy;

• risk and investment planning;
• improving the tax system and taxes.

The implementation of the RMs policy is to serve the
rational management of mineral and raw material resources
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from secondary sources, as well as to determine the directions of geological and mining research and investments in
accordance with the current state of knowledge and the stage
of the country’s development. One of the most important
results expected from implementation of the RMs policy is
the gradual implementation of the CE model by minimising
the amount of waste and maximising the recovery of RMs
from secondary sources, including the recovery of nutrients
in the wastewater sector [70].

Legal regulations
In Poland, the most promising sources of P are municipal
wastewater, industrial wastewater (low P amount), sewage
sludge and sewage sludge ash [71] since the major part of
the phosphate from wastewater is transferred to the sludge
(approx. 90%) [47]. Therefore, special attention should be
paid to the introduction of legal regulations in the area of
recovery of raw materials from the above waste streams and
the development of new technologies for the recycling of
nutrients in the wastewater sector.
Poland’s problems relating to sludge management issues
stem primarily from EU restrictions [72–74] placed on the
conventional disposal and recovery options formerly used.
Based on the implementation of Directive 99/31/EC on the
landfill of waste [75], since 1st January 2016 it has not been
possible to landfill completely untreated sewage sludge with
a heat of combustion > 6 MJ/kg [76, 77]. The current structure of SS disposal is: 3.3% is directed to land reclamation,
14.1% is used in agriculture, 3.5% is used for the cultivation
of plants, 10.3% is landfilled, 6.5% is in temporary storage,
20.6% is incinerated and 41.7% is disposed in other ways
[35]. In the previous National Waste Management Plan 2014
[78] there was expected to be an increase in the volume of
thermally transformed SS [79].
In Poland, there are more and more possibilities for P
recovery from SSA associated with an increase in the volume of SSA generated in recent years arising from the new
SS mono-incinerator plants which have been built next to
large municipal WWTPs. In 2010, only three installations
were operating with a total capacity of 37.3 thousand Mg
of dry matter/year, and now there are 11 plants with a total
processing capacity of 160.3 thousand Mg of dry matter/
year. It was indicated that average phosphorus content in
ashes is around 9.7%, though 3000–4000 Mg of P per year
can be recycled and introduced back into the environment
from approx. 43,000 Mg SSA produced per year in Polish
incineration plants [42, 71]. At this moment, the SSA generated is stored together with other waste, but it is necessary
to underline that only selectively stored SSA can be made
available for P recovery. Therefore, new specially dedicated landfill sites should be designated for this purpose. At
present, SSA is only stored separately on the area of the
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treatment plant in Gdynia. According to the objectives of
the most recent National Waste Management Plan 2022 [80],
rational management of products from the thermal treatment
of SS, in particular storing SSA in a manner permitting the
recovery of phosphorus, is indicated as one of the priority
directions in the wastewater sector. Since the Polish government has underlined the necessity of P recovery from the
SSA already generated, the practical development of recycling of this material should be expected. However, according to the waste management hierarchy, burning is the last
solution before safe storage. Therefore, in the first place it
is necessary to look for solutions in the field of P recovery from wastewater and sewage sludge. This is also connected with the recommendations published in the Country
Report Poland 2017 [81] where the EC proposes preparing
national and regional waste management plans that would
move Poland towards prevention and recycling rather than
creating incineration overcapacities. Therefore, it should be
expected that further recommendations, financial support
tools and legal regulations on nutrient recovery from wastewater and sewage sludge will be proposed at a national and
international level.
The necessity for the practical implementation of more
sustainable disposal practices in the wastewater sector was
highlighted by the Polish government in the official documents published by the Environment Committee of the Polish Senate. The first opinion of the Environment Committee on 17th of March 2016 relating to the innovative use of
wastewater as a source of energy and resources [82] underlined the need to start work on the creation of appropriate
legal provisions and the necessity to develop a strategy for
the disposal and management of sewage sludge in Poland.
Moreover, a dynamic development of research on phosphorus recovery from wastewater and sewage sludge in Polish
conditions was highlighted as the expected way forward in
future years. In the second opinion of 14th March 2017 on
the inclusion of sewage sludge in the circular economy, the
importance of investments in new and innovative solutions
in the wastewater sector was identified as the main driving force in the transition to a circular economy model in
Poland. Moreover, it was considered that it is necessary to
develop a national sewage sludge management programme
and support innovative solutions under the ‘Infrastructure
and Environment’ operational programme for 2014–2020,
and to develop a strategic research programme on the use of
sewage sludge [83].
In addition, in the Opinion from 6th December 2017 on
the protection of the Baltic Sea against pollution from sewage sludge in the context of the HELCOM recommendations,
the Environment Committee positively assessed the position of the Helsinki Commission on sewage sludge, which
proposed recirculation of nutrients, especially phosphorus,
from sewage sludge as a recommended route towards better
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use of their valuable properties and energy potential, and to
manage sediments in a safe, effective and sustainable manner. It is particularly important for Poland, which does not
have a clear settlement strategy, associated investment and
research programmes, or legislation regulating the recovery
of nutrients from sewage sludge. It was also indicated that
the country has begun research on the recovery of phosphorus from sewage sludge, which makes it possible to close
the phosphorus cycle in nature, in line with the principles
of a circular economy. It should also be pointed out that the
Environment Committee supports the Ministry of the Environment in activities related to the preparation of the settlement strategy, taking into account the recommendations of
the Helsinki Commission, and will seek the development of
legal regulations regarding the recovery of phosphorus from
sewage sludge under Polish conditions [84].

Recommended policy directions
The sustainable phosphorus management models should be
developed in all European regions where current P usage
involves waste and losses of this CRM. One of the most
important European regions with significant problems
with phosphorus is the Baltic Region. The effects of nutrient enrichment (mainly by phosphorus, nitrogen and other
pollutants), also known as eutrophication, are perhaps the
single greatest threat to the Baltic Sea environment. The
presence of phosphorus in the Baltic Sea is a consequence of
the waterborne loads entering the sea, mainly as wastewater
with a high phosphorus content. It should be also pointed
out that as a consequence of extensive runoff from intensive
agricultural activities and the large population in southern
part of the drainage basin, the largest source of phosphorus by far is from Poland [13]. Moreover, since 45% of the
population of the drainage basin lives in Poland, it appears
extremely important to propose recommendations for the
sustainable use of phosphorus in this country [85].
Based on the experience of other European countries
(such as Germany and Switzerland) which have already
proposed solutions towards the sustainable management of
P according to the CE model, the following policy directions
should be adopted under Polish conditions:
1. Legal recommendations:
• The implementation of the EU requirements regarding

the sustainable use of P—sources in the economy;

• the development of proposals for regulations and recom-

mendations for policy makers;

• the development of legal obligations on the recovery of

P from various waste streams;
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2) Financial support:
• the development of financial tools supporting research

and development in the area of management, consumption and recycling of CRM resources;
• the development of programmes supporting investment
in nutrient recovery technologies;
• the development of tools supporting the commercialisation of the research and the implementation of the
nutrient recovery technologies on the market.
.)

Organisational recommendations:

• The transfer of knowledge on the design of solutions

for the sustainable use of P on a regional and national
level, based on existing best management practices of
P usage in developed countries;
• the creation of a network platform aimed at collaboration on the regional and national level in the area of P
management;
• the development of a mapping service dedicated to
organising detailed information on secondary P sources
in Poland.
4. Technical and environmental recommendations:
• Conducting research and development focused on nutri-

ent recovery;

• the identification of the P recovery potential of different

waste streams (the performance of installations across
the country and the availability of recycled P);
• the development of environmental engineering solutions dealing with P recovery from different waste
streams;
• the technical and environmental assessment of engineering solutions dealing with P recovery from different waste streams.
5. Social aspects:
• Initiating dialogue and promoting awareness-raising

among all stakeholders: policy makers, industry, academia, researchers and the community on the implications of the scarcity of P on a global and national scale
and possible sustainable solutions;
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• the promotion of an interdisciplinary systems thinking

approach by various awareness-raising activities, and
close collaboration with local stakeholders;
• the promotion of the best management practices of sustainable phosphorus usage among local frames;
• building a ‘Phosphorus Responsible Society’ by educating the public about the diversity of P sources and
the potential for good P management, fostering circular
thinking, and developing entrepreneurial ideas related to
this resource.
The policy directions identified could contribute to the
development of a new management strategy for the sustainable use of phosphorus in Poland taking into account policy,
economic, technical, social and environmental factors.

Conclusions
In the transition to the CE model, where the added value
of products is kept as long as possible and waste is eliminated, the sustainable management of raw materials plays
a key role. In above CE model, especial attention is paid to
CRMs which are economically and strategically important
for the European economy, but have a high-risk associated
with their supply.
One of the most important elements which cannot be
replaced and is an essential element for human nutrition, yet
limited in resource is phosphorus. An importance of issues
related to sustainable P management results from UE legislation, which indicated P as a CRM.
The sustainable management of P-resources is especially
important for the Baltic region. A consequence of waterborne loads passing into the sea, mainly as wastewater with
a high P content, is the eutrophication of the Baltic Sea environment. Due to the largest inputs of P (37%) into the Baltic
Sea originate from Poland, the development of sustainable
solutions aimed at more rational P management for this
country is externally important.
Poland has no P mines and the demand for P-bearing
raw materials is satisfied entirely by imports, mainly from
Morocco and Senegal. However, there is high potential for
the recovery of P from secondary sources such as municipal
and industrial wastewater, SS, SSA, meat and bone meal,
pig slurry, biomass, industrial waste, and others. Despite the
fact that Poland could decrease its dependency on the global
phosphate rock market through P recovery from above waste
streams, P recycling is not a commonly used practice.
The Polish government works on the implementation of
the CE principles to raw materials management. Since the
most promising sources of P are municipal and industrial
wastewater, sewage sludge and sewage sludge ash, special
attention is paid to the introduction of legal regulations in
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the area of recovery of raw materials from the above waste
streams and the development of new technologies for the
recycling of nutrients in the wastewater sector.
Based on the experience of developed countries (such
as Germany and Switzerland) which have already proposed solutions towards the sustainable management of P
according to the CE model, the policy directions, which
include the legal, technical and environmental recommendations next to the economic and social concerns, should
be adopted under Polish conditions.
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