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Key Aspects of Wastewater Treatment Plant
Transformation Towards a Circular Operating Model
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Abstract

Water management is one of the strategic economy sector of any country intended for water resources use and protection and require the
operational and effective management system. Business-as-usual approach have shown its insolvency and inability to achieve sustainable
performance of water sector in global and local scale. In connection with this, there is an urgent need for a paradigm shift in the develop-
ment of management strategy. The need for transformation from a prevailing linear strategy to a circular one is driven to a significant extent
by increasing water scarcity and the depletion of mineral and energy resources. The municipal wastewater treatment plants (WWTPs)
can be an important part of circular sustainability due to integration of energy production, resource recovery and clean water production.
Wastewater and sewage sludge can be reused to boost the scarce resources and to optimize the future investments in water and waste-
water sector. The transformation of WWTPs have to be based on holistic approach assuming political economic, environmental and social
aspects, but the optimal recovery technology is a prerequisite for the implementation of circular economy (CE) solutions. Water-and-re-
source efficient technologies based on 3Rs approach (Reduce, Replace and Reuse) should be adopted in the initial stage of planning and
designing of WWTPs. One of the efficient decision-support tool for optimization of WWTPs designing and modernization towards circular
operation&managing is the simulation models, allowing to assess WWTP's recovery potential and profitability of the planned investments.

Stowa kluczowe: oczyszczalnie sciekéw, gospodarka o obiegu zamknietym, surowce, modele symulacyjne

Streszczenie

Gospodarka wodna jest jednym ze strategicznych sektoréw gospodarki kazdego kraju, przeznaczonym do wykorzystania i ochrony zasobdw
wodnych i wymaga operacyjnego i skutecznego systemu zarzadzania. Podejscie typu business-as-usual okazato sie nieefektywnym i nie pro-
wadzi do osiggniecia zréwnowazonego rozwoju sektora wodnego w skali globalnej i lokalnej. W zwigzku z tym istnigje pilna potrzeba zmiany
paradygmatow w strategiach jej zarzagdzania. Potrzeba transformacji dominujgcego obecnie modelu liniowego na strategie obiegu zamknigte-
go jest w znacznym stopniu napedzana rosngcym niedoborem wody i wyczerpywaniem sie zasobdw mineralnych i energetycznych. Miejskie
oczyszczalnie ciekow (WWTP) moga by¢ wazng czescig zréwnowazonego rozwoju ze wzgledu na integracje produkcji energii, czystej wody
i odzyskiwania zasobéw. Scieki i osady $ciekowe moga byé ponownie wykorzystywane w celu zwiekszenia ograniczonych zasobéw i optyma-
lizacji przysztych inwestycji w sektorze wodno-$ciekowym. Transformacja oczyszczalni $ciekéw musi opiera¢ sie na holistycznym podejsciu
uwzgledniajgcym aspekty polityczno-ekonomiczne, srodowiskowe i spoteczne, a optymalna technologia odzyskiwania jest warunkiem wstep-
nym wdrozenia rozwigzan gospodarki o obiegu zamknietym (CE). Technologie oparte na zasadach zamknigtego obiegu wody i zasobdw (
tzw. podejscie 3R: Reduce, Replace and Reuse) powinny by¢ uwzgledniane na poczatkowym etapie planowania i projektowania oczyszczalni
Sciekow. Jednym z efektywnych narzedzi wspomagajgcych podejmowanie decyzji w celu optymalizaciji projektowania i modernizacji oczysz-
czalni $ciekdw w kierunku gospodarki o obiegu zamknietym i zarzadzania nimi sg modele symulacyjne, pozwalajgce oceni¢ potencjat odzysku
oczyszczalni Sciekdw i rentownos¢ planowanych inwestycji. Wybrane przyktady ich zastosowania sg przedstawione w artykule.

1. Topicality of the problem

Population increase and economic growth caused significant
increase of water consumption. As a result, 36% of the world’s
population already lives in water-scarce regions (Rodriguez et al.
2020). Climate change may worsen the situation. For the third
year in a row, the World Economic Forum has included the water
crisis in its top three global risks (World Economic Forum 2022;
UN2017a).

Unsustainable approach and inadequate water resource mana-
gement leads to loss of ecological, economic and social benefits.
Sustainable water management is a critical condition for achieving
the Sustainable Development Goals, especially Goal number 6:
“Ensure availability and sustainable management of water and sani-
tation for all”(UN Water 2016). The achievement of Goal number 6
is directly related to the pursuit of Goal number 15, which involves
the protection of aquatic ecosystems and prevention of water borne
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diseases. According to the World Health Organization (WHO),
these goals of sustainability cannot be achieved without treating
wastewater before the discharge into surface waters to protect the
environment and public health (Kumar, Bilal, and Ferreira 2022).
Thus, there is an urgent need to develop the cost-effective integrated
wastewater treatment and recovery technologies or to optimize
existing ones to ensure the ecological safety of aquatic ecosystems
and achieve environmental sustainability (Varjani, Pandey, and
Upasani 2020). One of the main objective of the International
Decade for Action “Water for Sustainable Development” is the
“integrated management of water resources for achievement of
social, economic and environmental objectives”(UN 2017a).

Water management is a strategic economy sector of any state,
embraces a large number of natural water resources and complex
system of technical infrastructure objects, de-signed to provide the
population and industries with water, to treat wastewater in order
to protect all types of waters and to prevent or mitigate the other
harmful impacts. Such an extremely complex multi-component
natural-technical system requires an integrated effectively ope-
rating water management system aimed at optimizing water use
and minimizing the impact on the environment. This can only be
ensured by a change in paradigms and business-models.

The need of transition from a prevailing linear strategy to a cir-
cular one is driven to a significant extent by water crisis and the de-
pletion of mineral and energy resources. This development has two
main drivers: general process improvements and the contribution to
the recycling of resources (van Loosdrecht and Brdjanovic 2014).

One of the key advantages of implementing of circular eco-
nomy assumptions in wastewater treatment technologies is the
valuable resource recovery and reuse, that could transform wa-
stewater transport and treatment services from very expensive to
a self-sustaining and value-adding system (Rodriguez et al. 2020).
Between 50 and 100% of lost waste resources are contained in
wastewater (House 2012).

“In a world where demands for freshwater are continuously
growing, and where limited water resources are increasingly stres-
sed by over-abstraction, pollution growth and climate change,
neglecting the opportunities arising from improved wastewater
management is nothing less than unthinkable in the context of
a circular economy” (UN 2017b).

The municipal wastewater treatment plants (WWTPs) can
be an important part of circular sustainability due to integration
of energy production, resource and water recovery. Wastewater
and sewage sludge can be reused to boost the depleting natural

Water
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Nutrient Energy
Recycling Recovery

Fig. 1. Integrated resource recovery including water reuse, nutrient recycling and
energy recovery (Cornejo 2015)

Rys. 1. Zintegrowane odzyskiwanie zasobow, w tym wtdrne wykorzystanie wody,
recykling substancji biogennych i odzyskiwanie energii (Cornejo 2015)

resources and to increase the efficiency of future investments in

water and wastewater sector (Fig.1).

However, nowadays cities are not considered sustainable
because they do not (re)use resources efficiently. An important
paradigm shift is necessary at multiple levels to transform the Wa-
stewater Treatment Plants (WWTP) operating according to Linear
Economy Model (TAKE-MAKE-USE-DISPOSE) and advance of
sustainable sanitation services toward a Circular Economy Model,
in which WWTP is considered as the Water and Resource Reco-
very Facilities (WRRF) operating according to Circular Economy
Model (REDUCE-REUSE-RECYCLE) (Fig 2).

Circular economy is a tool to achieve the sustainable develop-
ment goal nr 6 in the area of water and sanitation by providing
and ensuring overall access to water supply and sanitary systems
by 2030, implementing the sustainable management of water and
sanitation objects and systems by means of the following actions
(UN 2022) :
 ensure universal and equitable access to safe and drinking

water for an affordable price for all people on the planet;
 ensure access for all to adequate and equitable sanitary and

hygienic conditions and eliminate open defecation, paying
particular attention to the needs of all social groups and those
in vulnerable situation;

+ improve water quality by reducing pollution and halving the
amount of un-treated wastewater discharge and significantly
increasing the recycling and safe reuse of resources globally;

* decisively increase water-use efficiency in all sectors of econo-
my, ensure universal and equitable access to safe and drinking
water for an affordable price for all people on the planet;

Goal

Regulatory compliance

Wastewater treatment
P P ——— treated
wastewaler : water
WWTP
commercial
wastewaler g mmm—m——— b product
:Di Pallution Abatament Plant : :D

Environmental Enhacement

Fig. 2. WWTP operation principle vs
WRRF operation principle (WEF 2014)
Rys. 2. Zasada dziatania oczyszczalni
sciekéw w poréwnaniu z zasadg dziata-
nia urzadzeni do odzyskiwania wody i za-
sobéw (WEF 2014)

Revenue Generalion
Social Benefits
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» ensure access for all to adequate and equitable sanitary and
hygienic conditions and eliminate open defecation, paying
particular attention to the needs of all social groups and those
in vulnerable situation;

* improve water quality by reducing pollution and halving the
amount of untreated wastewater discharge and significantly
increasing the recycling and safe reuse of resources globally;

» decisively increase water-use efficiency in all sectors of eco-
nomy, ensure sustainable withdrawals and freshwater supply
to mitigate water scarcity and substantially reduce the number
of people afflicted by water scarcity;

* implement integrated and efficient water resources manage-
ment at all levels, including transboundary cooperation as
appropriate;

» expand international cooperation and support to developing
countries in improvement of water-and sanitation-related acti-
vities and undertaking, including water acquisition and storage,
sea water desalination, increasing water use efficiency, waste-
water treatment, recycling and reuse technologies, withdrawals
and freshwater supply to mitigate water scarcity and substan-
tially reduce the number of people afflicted by water scarcity;

* implement integrated and efficient water resources manage-
ment at all levels, including transboundary cooperation as
appropriate;

» expand international cooperation and support to developing
countries in improvement of water-and sanitation-related acti-
vities and undertaking, including water acquisition and storage,
sea water desalination, increasing water use efficiency, waste-
water treatment, recycling and reuse technologies.

Today, the introduction of the principles of the circular eco-
nomy in the water sector seems timely, relevant and practical
option for the achieving of the above mentioned sustainable
development goals.

2. WWTP Recovery Potential

Wastewater Treatment Plants have great potential to improve
water treatment processes in order to reduce the amount of treated
wastewater and carrying out the recovery of potential resources
from wastewater sludge, such as nutrients (phosphorus, nitrogen),
energy and water (Diaz-Elsayed et al. 2019; 1. Pikaar et al. 2022,
van Leeuwen et al. 2018).

According to Food and Agriculture Organization of the United
Nations (FAO 2022)) 312 million megaliters (ML) of municipal
wastewater is produced annually, of which 187 million ML is
treated, equaling to about 60% of the total. According to UNE-
SCO, currently only 20% of wastewater is properly treated with

WASTEWATER

the formation of about 140 million tons of sewage sludge in dry
matter (Kiselev and Magaril 2019; UN 2012).

Electricity needs for water treatment process range from 250
up to 500 kWh/mIn m3 of treated wastewater with the prospect
of growth by 44% by 2030, especially for countries outside the
Organization for Economic Co-operation and Development
(OECD(UN 2016).

Water is the dominant component of wastewater with typically
more than 99% of municipal wastewater comprised of water itself
and 1% of suspended, colloidal and dissolved matter (biodegra-
dable organics, plant nutrients, pathogenic microorganism, heavy
metals, synthetic organic pollutants, micro-pollutants e.g. medici-
nes, cosmetics, cleaning agents, plastic). The main parameters of
raw wastewater quality and sewage sludge are presented in Table
1 (I. Pikaar et al., n.d.) and Table 2 (Tchobanoglous, Burton, and
David Stensel 2014).

Table 1. Typical composition of raw municipal wastewater (I. Pikaar et al., n.d.)
Tabela 1. Typowy sktad surowych sciekéw komunalnych (I. Pikaar i in., n.d.)

Parameter Low Medium High
strength strength strength

COD total (mg/L) 500 750 1200
BOD5 (mg/L) 230 350 560
Volatile fatty acid (VFA) 10 30 80
(mg-acetate/L)
Total nitrogen (mg/L) 30 60 100
Total phosphate (mg/L) 6 15 25
Total suspended solids 250 400 600

(TSS) (mg/L)

Table 2. Typical composition of raw municipal sewage sludge (Tchobanoglous,
Burton and David Stensel 2014)

Tabela 2. Typowy sktad surowych osadéw sciekowych komunalnych (Tchoba-
noglous, Burton i David Stensel 2014)

Parameter Primary sludge Secondary sludge
Total solids (TS) (%) 5-9 0.8-1.2
Nitrogen (%TS 1.5-4.0 0.8-1.2
Phosphorus (%TS) 0.8-2.8 0.5-0.7
Potash (K20 %TS) 0-1.0 0.5-0.7
Cellulose (%TS) 8-15 7-9.7
Iron (g Fe/kg) 2-4 -
Silica (Si02%) 15-20 -
Grease and fats (%TS) 7-35 5-12
Protein (%TS) 20-30 32-41
Organic acids (mg/L as 200-2000 1100-1700
acetate)
Energy content (MJ/kg TS) 23-29 19-23

>
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Fig. 3. Resource recovery possibilities (Papa et al.
2017)
Rys. 3. Mozliwosci odzyskiwania zasobéw (Papa i in.
2017)
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Along with municipal wastewater, industrial wastewater has
a high potential for resource recovery including nutrients, energy,
chemical compounds, organic matter, metals, and water itself.
The potential resources which can be recovered from WWTP
are presented at Fig.3.

There is a huge untapped potential for recovering valuable
resources from wastewater treatment plants (Tab.3).

Table 3. Possible application of basic resources recovered from wastewater and sludge
Tabela 3. Mozliwe sposoby zastosowania podstawowych zasobéw odzyska-
nych ze $ciekéw i osadow

Type of resource Application possibility

Water Irrigation, non-potable domestic use, industrial
use, direct&indirect potable domestic use

Sand Construction industry

Cellulose Biochemical industry, construction industry,
paper&pulp industry

Biosolids Agriculture, construction industry

Volatile fatty acids Biochemical industry, bioplastic, agriculture

Energy (biogas, thermal)  Energy production, heating/cooling purposes

Nitrogen Agriculture
Phosphorus Agriculture
Metals Metallurgical, galvanic, electronic industry

The benefits of recovered resource application in different
sectors are shown in Fig. 4.

3. New challenges

The municipal wastewater treatment plants (WWTPs) can be
one of the priority fac-tors and important part of circular sustaina-
bility due to integration of energy production, valuable resource

recovery and water production for different types of use. WWTPs
in the near future are to become “ecologically sustainable” tech-
nological systems. Unfortunately most of conventional WWTPs
now primarily focused on the pollutants removal rather than the
recovery of valuable resources. Sustainable WRRF systems re-
mains a significant challenge due to numerous organizational,
legislative, financial and other barriers (Yadav et al. 2021).

Transformation of traditional WWTP into WRREF is connected
with great changes moving away from costly energy-intensive
wastewater treatment towards energy-saving, sustainable techno-
logies ensuring improvement of the energy balance of operation
and resource recovery (Regmi et al. 2019). One of the basic way
to reduce sewage sludge amount and the utilization of sludge
chemical components and energy content is the converting sludge
from costs to benefits (Fig. 5).

This shift will require new research, advanced treatment tech-
nologies and infrastructure and must be guided by the application
of green engineering principles to ensure economic, social, and
environmental sustainability

The existing wastewater treatment technologies have diffe-
rent potential for nutrients, water, and energy recovery, therefore
they differ in terms of technological feasibility and economic
profitability. As noted by the authors of (Puyol et al. 2017), there
are a broad range of recovery strategies available, with further
differentiation based on product (Fig. 6).

The development of technologies and processes for resource
treatment and recovery give great possibilities for elaborating the
new technological trains or modifying and optimizing the existing
ones (Fernandez-Arévalo, Lizarralde, Fdz-Polanco, et al. 2017).

However, the decision-making about the choice of an ap-
propriate technological pattern and raw material recovery pro-

Potable water
reCovary
Water racovery
for industry
Energy recovery
Internal production  and carbon cradits Fresh/drinking
of fish feed water
Nutrignts and fich or biofuel Industrial
organic mater I production
VWater recovery racovary Decreased
Safe disposal for ingation energy demand | | Avoided fresh
for emvironmental Feedstock water use
and human heaith Carbon emission
I Yield increse offsat
Protein
oduch
Yield increse EEras ety
Surface waler PN
U cponlty eutrophication Ethanal
Avoid fresh water production
use
Environmental Soil amelioration
flows
Ground water
recharge
Public health
Water reliability

Recovery value proposition from wastewater and biosolids

Fig. 4. The reuse value chain (Drechsel, Mahjoub, and Keraita 2015)
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pulation, which demonstrated that resource
recovery operations from wastewater and
sewage sludge is just in its infancy stage:

BOD M. P only 40% of plants perform at least one
removal option for material/energy recovery. The
BOD al production of energy from biogas occurs
ik frequently but only in large plants with
u .
solids i s high throughput. On tl{e other. hand, some
removal recovery well-known for a long time options, such as
external reuse of treated effluent or nutrients
5’“::::: for recovery, were implemented only in a mi-
nority of plants (Papa et al. 2017).
L] 1688 1603 2024 Regenerative methods solve two pro-
P T EnCouTage rrr— blems: wastewater treatment and recovery
land apgﬂzamn and dumping land sustainability of valuable substances, that can demand the
ocean dumping banned application use of more complex methods and technolo-

Fig. 5. The change in the arc of sludge disposal history (Peccia and Westerhoff 2015)
Rys. 5. Zmiany historyczne w postepowaniu z osadami (Peccia i Westerhoff 2015)

cesses is conditioned by the need to analyze its profitability which
is a difficult and sometimes ambiguous decision. Comprehensive
and refined analysis of different plant technological trains are the
basic aspects in decision-making from an energy and resource
recovery perspective.

Currently, there is a real lack of analysis of existing wastewater
treatment plants upgrading effects for accommodation the concept
of resource recovery (Marleni, Putri, and Istiqomah 2020).

More than 600 European WWTP plants were investigated,
representing a treated capacity load equivalent to 20 million po-

gies. The selection of appropriate treatment

methods is a prerequisite for the efficient

removal of pollutants and the recovery of
raw materials. Wastewater treatment methods, the possibility of
recovery and utilization of valuable substances should be justified
in terms of technological and economic conditions, taking into
account the legal environmental demands and local conditions.
Ultimately, the cost of building treatment facilities, the efficiency
and reliability of their operation, the protection of the wastewater
recipient from pollution depend on this decision. The possibility
of extracting and utilizing valuable substances from wastewater
and, consequently, increasing the profitability of WWTP operation
also depends on the solution of this issue.

[ big Hy ‘
primary setthng
Sinic membrane
i v
1-2 step enhanced biological S Mg Tecovyy > reusable water
T oA (BES)
process
| ]
! | | Mutrients
.i. 1 l bio Hs | ‘ biogas precipitation
separation : acid ;
ﬁ ioleaching Thermao AD Meso AD
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Fig 6. Conceptual overview of different biological technologies applied in wastewater treatment for energy and resource recovery (Kroiss 2004)
Rys. 6. Przeglad koncepcji réznych technologii biologicznego oczyszczania stosowanych w celu odzyskiwania energii i zasobéw (Kroiss 2004)
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4. The role of simulation models

Model is a simplified similarity of a real object that reflects
essential features (properties) of the real object under study and
meet the purpose of modelling.

A mathematical model is an approximate description of de-
finite class of phenomena expressed in mathematical symbols
and patterns. Computer models have become a common tool
for mathematical modeling and are used to solve scientific and
applied tasks in various fields. Such models are used to obtain
new knowledge about an object or to approximate the behavior
of systems that are too complex for analytical study.

There are analytical and simulation modeling. In analytical
modeling, abstract mathematical models of a real object are stu-
died in the form of algebraic, differential and other equations, as
well as those involving the implementation of an unambiguous
computational procedure that leads to their precise solution. In
simulation modeling, mathematical models are studied in the form
of an algorithm(s) that reproduces the functioning of the system
under study by sequentially performing a large number of ele-
mentary operations (Fishwick 1995; Sokolowski and Banks, n.d.).

Since the natural experiment performance in WWTP con-
ditions is not possible, the significance of mathematical modelling
and simulation research as an efficient instrument of decision-ma-
king becomes very important.

In past few decades many simulation models for designing and
optimizing of wastewater treatment plants were elaborated. New
paradigm of circular economy in wastewater management forces
the necessity of establishing the simulation tools to address new
challenges: protection of water resources and the environment,
energy reduction and production, and resource recovery poten-
tial assessment (Arnell et al. 2017). Therefore, the conventional
mathematical models used in need to be updated.

The resource recovery perspective should be applied to new
individual processes, technologies and plant arrangement. The
number and level of models developed to date give an overview of
the complexity of the treatment plant configurations and provide
a wide range of possibilities and technological process combi-
nations in order to construct the optimal technological trains
ensuring WWTPs “circularity” (Fernandez-Arévalo, Lizarralde,
Maiza, et al. 2017).

Models have demonstrated their suitability for WWTP ope-
rational optimization purposes and increasing their efficiency to
achieve better effluent quality at lower costs. They also constitute
a useful tool to support the transition of WWTPs into WRRFs
that maximize the valorization of resources recovered from wa-
stewater and sewage sludge (Solon et al. 2019).

In this regard, the plant-wide modelling (PWM) library is
a complete model library that includes conventional and advan-
ced treatment technologies that allows economic and energetic
analyses to be carried out in a comprehensive manner.

5. A review of simulation models

In the model review, only engineering programs for modeling
the operation of wastewater treatment plants were taken into
account, in which precipitates modeling is a kind of addition to
the basic program functionalities. The review does not include
dedicated chemistry programs such as Aspen or PHREEQC mo-
del families, MINTEQ, MINTEQA2, MINEQL p , CHEMEQL

20

V.2.0 and AQUASIM 2.0 (Natividad Marin, Burns, and Schneider
2023). In the case of implementing circular economy elements at
WWTP, the most convenient way is to use simulation programs
with built-in operating models. There are a number of software
supporting the process of modeling, both the operation of waste-
water treatment plants and raw materials recovery. Commercial
programs with a graphical interface include: GPS-X, SIMBA,
BioWIN and WEST. There are also non-commercial solutions:
STOAT, ASIM, AQUASIM.

BioWIN is a product from Envirosim. In the field of biolo-
gical wastewater treatment, the family of ASM models is used,
and the ASDM model is responsible for sludge management
(Envirosim, n.d.).

Precipitation modeling is an additional function of these so-
ftware. More importantly, for the modeling of crystalline pho-
sphorus compounds, typically chemical (Jia et al. 2017; Xie,
Giammar, and Wang 2016) or mathematical MATLAB, Maple,
Simulink (Hanhoun et al. 2011; Nair, Haugen, and Ratnaweera
2021; Petzoldt and Moreda 2016; Tiirker and Celen 2011) so-
ftware are used. Occasionally CFD methods are used (Ye et al.
2017), however, they are mainly based on small-scale laboratory
experiments. In the field of precipitation modelling, it is possible
to model Al and Fe processes mainly as an element of chemical
phosphorus removal in the process of the so-called coagulation.
In addition, it is possible to include the Spontaneous Chemical
Precipitation model where the production of calcium and magne-
sium compounds is modeled. Struvite, hydroxyapatite (HAP) are
formed in these processes, as a mathematical model is used model
developed by Musvoto (Musvoto, Wentzel, and Ekama 1999).

In the BioWin program the process of obtaining struvite looks
as follows:

» select the ASDM model
 in the model options select MAP struvite, DCPD brushite or

HAP apatite modeling
* in the stoichiometry options, the individual components for ob-

taining struvite, vivianite, brushite and apatite can be adjusted.

The components for vivianite are soluble phosphate, precipi-
tate vivianite, metal soluble ferrous, The components for struvite:
N ammonia, soluble phosphate, precipitate struvite, metal soluble
magnesium,

The components for brushite: P soluble phosphate, precipitate
brushite, metal soluble calcium,

The components for hydroxyapatite: P soluble phosphate,
precipitate brushite in minus, precipitate hydroxyapatite,

In scheme (Fig. 7), the excess sludge is first directed to the
digester, then to the press, after which NaOH and MgCl, are
added, and it is mixed in a bioreactor. The final facility in which
struvite is obtained is a cyclone.

In the case of other substances, there is a need to add Fe,
also there is no separate vessels/tanks/reactors (or cyclones)
for harvesting the products of this reactions. This type of line is
presented at Fig. 8. All four recovered substances could be shown
directly in software.

The GPS-X program uses a group of MANTIS models which
are also variant models ASM (Faris et al. 2022). This model
can simulate the calcium phosphate, magnesium hydrogen pho-
sphate, and ammonium magnesium phosphate crystallization
process. Similar to BioWin it also use a model created by Mu-
svoto (Musvoto, Wentzel, and Ekama 1999). According to GPS-X
manual reactions of crystallization take a place in some designed
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Fig. 7. Struvite recovery line generated with BioWin software

Rys. 7. Linia odzyskiwania struwitu wygenerowana za pomocg oprogramowania BioWin
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Fig. 8 Typical bruschite recovery line generated with BioWin software

r

Rys. 8 Typowa linia odzyskiwania bruskitu wygenerowana za pomocg oprogramowania BioWin

conditions. The precipitation of struvite takes place if the Mg?",
NH*" and PO,’ - species are present in the solution. The concen-
trations of NH*" and PO,? — are estimated based on pH value of
the solution.

Newberyite is precipitate of Mg with phosphate at lower pH.
For this precipitate, Mg?" and HPO,?— ionic species are required.
The concentration of HPO,?— ion is estimated based on pH of
the solution.

Fig. 9 Typical precipitation line created in GPS-X
Rys. 9 Typowa linia wytrgcania utworzona w oprogramowaniu GPS-X
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The struvite precipitation reactor model is realized in granular
bed reactor. The most important parameter is velocity of fluidiza-
tion in reactor moving bed (Hydromantis 2018). Typical struvite
harvesting line created in GPS-X is shown at figure 9.

SUMO is a modeling software by Dynamita, once again the
basics are in ASM and for precipitation SUME used own created
sub-model called Sumo2S. There is a possibility to modelling and
monitoring a recovery of amorphous calcium phosphate (ACP),
struvite (STR), vivianite (VIVI). Software realize this functions

Mg Dosage

Struvite Pracip
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Fig. 10. Precipitation line in SUMO software
Rys. 10. Linia opadéw w oprogramowaniu SUMO

as stand-alone elements of existing WWTP line (Dynamita
2020). Sumo2S is also a stoichiometry-kinetic model (Aguiar et
al. 2022). A separate line for precipitation in Sumo software is
presented on figure 10.

In addition to the empirical approach, there is a statistical
approach based mainly on regression models or even on machine
learning (Perwitasari et al. 2018; Shalaby et al. 2015).

In order to illustrate the possibility of using simulation tools
to assess the potential for the recovery of biogenic substances,
a simulation model of struvite recovery was created in the com-
puter programs BioWin version 6.2 and SUMO version 22. A line
was modeled consisting of a primary clarifier from which excess
sludge is directed to the thickener and then to the P reactor-rele-
ase (volume 500 m3), and then an aerobic digester (temp. 35 C),
thickener and struvit recovery unit.

The biological system consists of an anaerobic reactor
(V=1000 m?, 0 mg O,/1), an anoxic reactor (V= 1500 m?, 0.5 mg
0,/1), and an aerobic reactor (V=4500m>, 2 mg0,/1). The system
ends with a secondary settling tank, with internal recirculation (re-
circulation level 300%) and external recirculation (recirculation
level 100%). The lines created in both programs have identical
elements and operating parameters. The BioWin program uses
the ASDM model in its basic parameters and fractionation. The
SUMO program also uses its own proprietary SUMO model in its
basic parameters. Modeled in steady state mode, input parameters
are presented in the table 4.

Table 4. Input parameter values
Tabela 4. Wartos$ci parametrow wejsciowych

Flow m®/d 24 000
COD total, mg/I 420
TKN mg/I 34

TP mg/I 4.3

pH 7.2
TSS mg/I 45
Calcium, mg/I 150
Magnesium, mg/I 15

The modeling result was the amount of struvite formed in the
precipitation line, which were quite close when using the tested
models. In the case of the SUMO model it was 41,100 g TSS/
m3, while in the BioWin model it was 43,000 g TSS/m3.

Due to the lack of similar literature data, the authors were not
able to compare the results with the results obtained by other
authors. The analysis of the experiences of various authors allows
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to draw conclusion, that a holistic approach to the whole process
of wastewater treatment seems to be dominant. The authors are
more interested in the whole process, including economic and
environmental aspects as resource recovery, than more than ve-
rifying the reliability of modeling results (Lin et al. 2016; Nair,
Haugen, and Ratnaweera 2021; Puchongkawarin et al. 2015) or
additionally as an element of Benchmark Simulation Model no
2 (BSM2) (Flores-Alsina et al. 2021).

The purpose of the presented examples was to show the possi-
bilities of the discussed simulation programs as decision-making
support tools regarding the transformation of the linear model of
operation of wastewater treatment plants towards a model based on
circular economy solutions. Initial diagnostics and assessment of
the profitability of applying these or other circulation considerations
may be based on forecasts obtained using simulation models for in-
dividual technological systems, taking into account local conditions.

Application of models to small scale always yields over 90% of
compliance level with laboratory results. In the case of a technical
or industrial scale for WWTP operation modeling, the effects are
also satisfactory. In the case of AirPrex recovery modelling based
on the GPS-X program for EPBR treatment plant more than 95%
compliance level was obtained between the model and the actual va-
lues of phosphorus compounds concentrations (Yoshida et al. 2019).

GPS-X has also been used for a comprehensive modeling of
wastewater treatment and recovery process, along with econo-
mic and energy analyses (Duan et al. 2019). Tests performed on
a laboratory line in a 10L SBR reactor showed a high compliance
between the experimental results and the results of ASAM and
WEST simulation programs. Phosphorus precipitation was at
the level of 83-91%, while the model results were slightly lower
(Tomei et al. 2020). A similar comprehensive approach to struvite
recovery process is presented by Morrissey and Shaw (Morrissey
et al. 2022; Shaw et al., n.d.).

Comprehensive simulation models that would serve as a tool
for the effective transformation of wastewater treatment plants
into facilities for water and raw materials production are cur-
rently under development. On the other hand, some elements
of the circular economy can be successfully implemented based
on modifications of the existing traditional simulation models.

Simulation software for modeling the operation of biological
wastewater treatment plants is widely distributed and available.
The results that these programs generate are highly correlated
with real conditions. However, they concern the operation of the
treatment plant related to the pollution reduction.
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6. Conclusion

One of the key elements of circular economy is the develop-
ment and implementation of appropriate policies and management
strategies in the field of designing and modernization of municipal
wastewater treatment plants in order to reduce the negative impact
on the environment. Increasingly stringent ecological require-
ments and standards for treated wastewater and introduction of
additional stages of sludge processing often lead to intensification
of technological processes and rising energy costs. Currently, it
is becoming obvious that the existing WWTP management mo-
del, based on the traditional (linear) approach does not allow to
fully address the current threats: environmental degradation and
depletion of natural resources.

The selection and design of wastewater treatment technology
operating in accordance with the closed cycle model, satisfying
the environmental, economic and legal requirements with local
conditions consideration is a complex multifactorial problem.
Evaluation of alternatives can be carried out using simulation
models.

The practical application of simulation models creates a po-
werful, but at the same time a rather simple tool for managers to
work towards the transition of wastewater treatment plants to cir-
cular economy operating model. Computer models have become
a common tool for mathematical modeling and are used to solve
scientific and applied tasks in the field of water management.
Since the natural experiment performance in WWTP conditions
is not possible, the significance of mathematical modelling and
simulation research as an efficient tool of decision-making be-
comes very important.
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