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Due to the limited and non-renewable nature of global phosphorus resources and the ineffi-
cient use of phosphate fertilizers, the phosphorus crisis has received increasing attention. Alt-
hough the primary objective of phosphorus removal in wastewater treatment plants (WWTP) is 
mainly to meet discharge standards and prevent eutrophication of surface waters, considering 
that the removed phosphorus has the potential to be reused as an alternative to mined phosphate 
fertilizer, the wastewater treatment industry is considered one of the main hotspots for mitigating 
phosphorus depletion. Phosphorus removal in WWTPs commonly uses methods such as chem-
ical precipitation and enhanced biological phosphorus removal (EBPR). These methods result in 
most of the phosphorus ending up in the residual sludge, which is subsequently removed from 
the system to achieve phosphorus removal. When considering the recovery of phosphorus from 
sludge, in terms of technical or economic considerations, EBPR presents more advantages com-
pared to chemical precipitation.  

 In Finland, the most commonly used phosphorus removal method is chemical precipitation, 
EBPR is used only as a partial solution in a few treatment plants, such as the Huittinen WWTP, 
which is the case study of this thesis. Due to the need to meet both nitrogen and phosphorus 
removal goals, maintaining stable EBPR operation year-round is challenging, especially in low-
temperature environments. Driven by the need to control operational costs and meet future re-
quirements for phosphorus recovery, the objective of this thesis is to integrate findings from the 
literature review with operational and water quality data from the Huittinen WWTP to explore strat-
egies for maintaining stable biological phosphorus removal efficiencies throughout the year in 
Finland, with a special focus on winter time. 

Through a literature review, it was found that low temperatures have indirect impacts on EBPR. 
This is because nitrogen removal relies heavily on the activated sludge process, which becomes 
less efficient at lower temperatures. As a result, to maintain nitrogen removal efficiency, EBPR 
often has to compromise phosphorus removal, making it more reliant on chemical methods. By 
analyzing the operational parameters and water quality data of the Huittinen WWTP and compar-
ing them with other successful EBPR cases in Nordic countries, several strategies for enhancing 
EBPR effectiveness have been identified. These strategies focus on improving nitrification effi-
ciency in low-temperature environments, thereby reducing the proportion of aerobic tanks to in-
crease the hydraulic retention time in anaerobic tanks, which will help improve the efficiency of 
EBPR. Specific measures include maximizing the mixed liquor suspended solids concentration in 
the biological reactors and using the secondary sedimentation tanks as post-denitrification tanks. 
Additionally, controlling the sludge return flow to maintain a deep anaerobic environment in the 
anaerobic tanks helps to create more space for biological phosphorus removal. 
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1. INTRODUCTION 

Phosphate fertilizer is one of the most important agricultural mineral fertilizers, primarily 

extracted from non-renewable phosphate rock. Due to the increasing demand for phos-

phate fertilizers in modern agriculture, phosphate rock is at risk of depletion (Cordell et 

al., 2009). Although the primary objective of phosphorus (P) removal in wastewater treat-

ment plants (WWTPs) is to meet discharge standards and protect surface waters from 

eutrophication, the removed P has the potential to be reused as an alternative to mined 

phosphate fertilizer (Acevedo et al., 2015). Therefore, the wastewater treatment industry 

is considered a key hotspot in mitigating P depletion. 

Generally, widely used P removal methods in WWTPs include chemical precipitation and 

enhanced biological phosphorus removal (EBPR). In both methods, removed P ulti-

mately ends up in the sludge, referred to as chemical sludge and biological sludge, re-

spectively. However, in considering P recovery from sludge, in terms of technical or eco-

nomic considerations, biological sludge presents more advantages compared to chemi-

cal sludge (Lehtoranta et al., 2021). Numerous emerging technologies for P recovery 

from biological sludge, with a primary focus on struvite production, have reached maturity 

and already have full-scale implementations (Shaddel et al., 2019). In Finland, chemical 

precipitation is the most commonly used, due to the advantages of easy operation and 

stable removal efficiency (Lehtoranta et al., 2021). EBPR is only used as a partial solu-

tion at a few treatment plants, for example in Huittinen and Savonlinna WWTP. Stable 

operation of EBPR throughout the year is challenging, especially in low-temperature en-

vironments in winter (Lehtoranta et al., 2021).   

Therefore, in order to reduce the use of chemical precipitants, and consider the necessity 

of P recovery in the future, this study explores the feasibility of achieving stable biological 

P removal efficiency year-round in Finland, with particular attention to winter conditions. 

It analyzes the current operational status of the Huittinen WWT and compares its oper-

ating parameters with findings from the literature review and successful EBPR applica-

tions in Nordic countries. The aim is to identify the key operational parameters influencing 

EBPR performance and to develop effective strategies for adjusting these parameters to 

enhance biological P removal efficiency. 
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In Chapter 2 of this thesis, the importance of P removal and recovery is discussed. The 

primary principles of chemical and biological P removal methods are presented, empha-

sizing the advantages of EBPR. Additionally, factors influencing biological P removal ef-

ficiency are summarized. Chapter 3 analyses successful cases of EBPR applications in 

the Nordic countries and presents different strategies used to improve EBPR perfor-

mance. Chapters 4 and 5 analyze the current status of EBPR application in Huittinen 

WWPT as a case study and, based on the literature review, provide strategies to improve 

its EBPR efficiency, especially in low-temperature environments. 
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2. PHOSPHORUS REMOVAL AND RECOVERY IN 
THE WASTEWATER TREATMENT PLANT 

This chapter explores the importance of integrating efficient P removal and recovery 

practices within urban WWTPs. Discharge standards on total phosphorus (TP) in WWTP 

effluents across Nordic countries are given, alongside providing a concise overview of P 

removal technology advancements in the region. The basic principles and mechanisms 

related to P removal are described, with an emphasis on the EBPR process and its ad-

vantages in WWTPs. Finally, the main operational parameters affecting its effectiveness 

are discussed and summarized. 

2.1 The importance of phosphorus removal and recovery from 
municipal wastewater 

P is one of the important nutrients in agricultural production, especially on large-scale 

farms. Cordell et al., (2009) showed that food production consumes 90% of mineral P, 

most of which is used for fertilizers. In 2018, 88% of imported mineral P in the EU was 

used in agriculture (Serrano-Gomez et al., 2023). Ott & Rechberger, (2012) conducted 

a substance flow analysis of P for the former 15 member states of the European 

Community (EU15). The main losses of P in food production are linked to the excessive 

application of P fertilizers, resulting in unnecessary accumulation in soils. About 20% of 

the P utilized for food, feed, and non-food products ultimately enters WWTPs, with 30% 

of this P ending up in the hydrosphere after coming out from WWTPs. 

The dissolved P as orthophosphate (Diaz et al., 2022) enters water systems contributing 

to water pollution and eutrophication  (Mayer et al., 2016). This leads to a decrease in 

dissolved oxygen (DO), water turbidity, foul odors, and other water quality issues, 

thereby impacting freshwater ecosystems, especially inland freshwaters (Diaz et al., 

2022). In many cases, the presence of P in WWTP effluents has been identified as an 

important cause contributing to the global eutrophication of water systems (Drolc & 

Zagorc Koncan, 2002). According to estimates from van Puijenbroek et al., (2019),  

between 2010 and 2050, the population connected to the sewerage network is expected 

to grow by 2 to 4 billion,  although the P removal efficiency of WWTPs continues to 

increase, the discharge of P into surface water is expected to rise from 1.5 Tg to 1.6-2.4 

Tg per year. Surface waters receive P from different sources, but municipal wastewater 

discharges are the primary focus of regulatory efforts because these point source 

pollutant discharges are easy to control (Diaz et al., 2022).  
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P is considered a non-renewable resource,  as most of the P we use comes from 

phosphate rock. Phosphate rock reserves could be exhausted within the next 50 to 100 

years. (Cordell et al., 2009). The concept of "Planetary Boundary" was introduced by a 

group of Swedish scientists in 2009. Their objective was to set a secure operational zone 

for human activities, relying on the natural biophysical processes that maintain the 

stability of the Earth's system. One of these boundaries is the "Phosphorus Cycle" and it 

has already been crossed, indicating that human activities related to P management 

have exceeded the safe operating space (Steffen et al., 2015).  

Additionally, many studies have shown that the utilization efficiency of P-fertilizers in food 

production is at a low level (Cordell et al., 2009; Mayer et al., 2016). Continuing to extract 

phosphate at current rates may lead to the production of lower-quality P-fertilizers at 

higher prices in the future (Cordell et al., 2009).  

It has been proposed that further research is needed to reduce our dependence on 

phosphate mining (Roadmap to a Resource Efficient Europe COM(2011) 571, 2011). 

Implementing P recovery techniques on different waste streams, including domestic 

wastewater, is one of the sustainable solutions to mitigate potential P crises in the future 

(Acevedo et al., 2015). Detailed analysis of P flows within the EU-27 and its Member 

States (van Dijk et al., 2016) showed that the EU-27 demonstrated a notable reliance on 

large imports of phosphate rock. Meanwhile, half of P import was lost from the system, 

mainly through emissions into the environment and through sequestered waste. The 

analysis also showed that about 54% of TP losses are primarily due to the sequestration 

of P in wastewater treatment sludge and organic waste (van Dijk et al., 2016). Municipal 

wastewater presents a significant opportunity for P recovery and reuse, offering the 

potential to substitute the need for mined P fertilizer. Research suggests that phosphate 

rock imports in EU15 could be reduced by up to 50% if a mixture of technical, including 

recovery P from WWTPs, and management measures were used to optimize P cycle 

(Ott & Rechberger, 2012). 

2.2 Environmental regulations on phosphorus emissions in 
Nordic countries 

The TP concentration in municipal wastewater is usually between 6 and 12 mg/L (Di 

Capua et al., 2022). The most common forms of P in municipal wastewater are 

polyphosphates (poly-P) and orthophosphates (ortho-P, PO4) (Park et al., 2016). To 

overcome the impact of urban wastewater discharges on the eutrophication of water 

bodies, wastewater treatment processes need to have very high P removal efficiency. 

The most important directive in the European Union is the Urban Wastewater Treatment 
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Directive 91/271 (UWWTD 91/271), adopted in 1991. An evaluation of the status of 

implementation of the directive indicates that the existing regulations do not adequately 

control or manage some types of pollution. (Carlo, 2024). Hence, the European 

Commission passed a proposal to recast the UWWTD 91/271 on September 20, 2023, 

including stricter standards for P removal in WWTPs (Vivienne, 2023a). The recast 

proposal introduces stricter standards on effluent quality for all urban WWTPs. Specific 

emission standards are summarized in Table 1. 

 

Table 1. Total phosphorus discharge standards for municipal WWTPs in the EU 
and Nordic countries. The limits set for concentrations and the minimum percentage of 
reduction can be optional. (ND = Not Defined) 

 

 

Country 

or region 

Concentration (Population 

equivalent: p.e.) 

Minimum 

percentage of 

reduction 

 Reference 

EU <1 mg/L (More than 100,000 p.e.) 

<2 mg/L (10,000-100,000 p.e.) 

ND (UWWTD 91/271) 

EU 

(by 2035) 

<0.5 mg/L (by 2035) 

(More than 100,000 p.e.) 

90% (by 2035) (Vivienne, 2023b) 

Denmark <0.4 mg/L( Sensitive area) ND (Vind, 2017) 

Sweden <2 mg/L (10,000-100,000 p.e.) 

<1 mg/L (More than 100,000 p.e.) 

80% 

 

(NFS 2016:6 - 

KONSOLIDERING, 

2022) 

Norway <2 mg/L (10,000-100,000 p.e.) 

<1 mg/L (More than 100,000 p.e.) 

80% 

(Sensitive area) 

(Forurensningsforskrift

en, 2005) 

Finland <3 mg/L (Less than 2,000 p.e.) 

<2 mg/L (2,000-100,000 p.e.) 

<1 mg/L (More than 100,000 p.e.) 

80% 

 

(888/2006, 2006 ) 
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Denmark is the first European country to implement large-scale controls on both N and 

P emissions from WWTPs. Since 1993, Denmark has mandated that any plant with more 

than 5,000 p.e. must have P in the effluent below 1.5 mg/L (Bundgaard & Pedersen, 

1991). In 2016, Denmark implemented stricter discharge standards, stipulating that the 

TP of effluent discharged into sensitive areas should not exceed 0.4 mg/L (Vind, 2017). 

At the same time, Denmark implemented the "polluter pays principle," imposing 

discharge taxes related to biochemical oxygen demand (BOD), total N, and TP, leading 

to innovative optimization strategies within the water sector (Preisner et al., 2020).  

Sweden's water environment protection program began in the late 1960s and focused 

on P removal (Morling, 2019). P discharge standard was initially established for 

municipal WWTPs in the 1970s (Preisner et al., 2020). The discharge standards for 

WWTPs in Sweden are determined by both the environmental permit issued to each 

plant and the regulations outlined in NFS 2016:6 - KONSOLIDERING, 2022 by the 

Swedish Environmental Protection Agency (EPA). If there are regulation overlaps, the 

more stringent limits will be used as the discharge standards (Swedish EPA, 2022). 

Currently, typical discharge standards in environmental permits mandate that the TP 

content in effluent should not exceed 0.5 mg/L. All receiving water bodies, including all 

coastal areas, are defined as sensitive areas to eutrophication (Morling, 2019; Preisner 

et al., 2020).  

Norway began to build WWTPs in 1970s and intensified construction in the late 1980s. 

Due to less focus on the removal efficiency of BOD, Norway's pollution abatement 

policies deviate somewhat from the recommendations of the UWWTD. The policy called 

recipient-orientated strategy (Källqvist et al., 2002), is tailored to regional environmental 

condition and prioritized P removal as the primary strategy to mitigate the impacts of 

wastewater discharge on freshwater and marine environments (Källqvist et al., 2002; 

Laukka et al., 2022). According to Pollution Control Regulations (FOR-2004-06-01-93), 

P removal standards vary depending on the sensitivity of the receiving water bodies and 

the population equivalent of the WWTP. In eutrophication sensitive areas, the minimum 

P removal requirement is 80-90% (Forurensningsforskriften, 2005). 

Iceland does not classify nutrients as pollutants because nutrients play a vital role in 

marine ecosystems. Rapid water exchange along Iceland's coast suggests minimal risk 

of eutrophication from nutrient release (The Icelandic National Programme of Action, 

2006). According to statistics, in 1990, only 5% of Iceland's domestic sewage was 

treated. By 2002, this number had increased to 60%. Areas with sewage treatment 

facilities are mainly concentrated in Reykjavik, and more than half of the domestic 

wastewater in other areas is untreated (UST, 2003). 
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In addition to the limits set by the UWWTD, Finland also set discharge standards for 

WWTPs discharging wastewater into the Baltic Sea based on recommendations from 

the Helsinki Commission (HELCOM) (Preisner et al., 2020). Currently, Finland treats 

97% of its municipal wastewater in line with UWWTD requirements, surpassing the EU 

average of 76% (WISE-Freshwater, 2024). According to the Government Decree on 

Urban Waste Water Treatment (888/2006), the emission limits for municipal wastewater 

treatment vary according to the population equivalent of WWTPs. However, the actual 

emission limits specified in each treatment plant's environmental permit are more 

stringent. For example, according to the environmental permit, the P emission limit of the 

Tampere Central WWTP under construction is 0.3 mg/L or achieves a minimum removal 

efficiency of 96% (Etelä-Suomen aluehallintovirasto, 2018).  

In summary, except for Iceland, the Nordic countries have generally kept up with 

advancements in water pollution control. Each country has adopted different strategies 

for managing emissions from WWTPs based on its specific circumstances. The P 

emission limits mandated in the environmental permits for municipal WWTPs are 

typically stricter than those set by the National EPA. Generally, these limits range from 

0.5 to 1 mg/L.  Differences in national and regional emission standards often take into 

account the population density distribution and the feasibility of centralized treatment. 

Moreover, disparities in receiving water bodies also contribute to differences in discharge 

standards. Table 1 summarizes the current TP discharge standards for municipal WWTP 

effluents in both the EU and Nordic countries. However, to comply with the revised 

UWWTD, EPA in various countries must adjust the TP emission limits by 2035. 

2.3 Phosphorus removal by chemical precipitation 

The main principle of P removal in WWTPs is to convert soluble P, mainly 

orthophosphates, into a water-insoluble form so that it can be removed through 

precipitation or filtration. Two common methods for P removal in WWTPs are chemical 

precipitation and EBPR (Parsons & Smith, 2008).  

Chemical precipitation can effectively remove over 90% of TP in influent by adding 

precipitants, such as aluminum and iron salts, to form precipitates (chemical sludge) (Di 

Capua et al., 2022; Parsons & Smith, 2008). Chemical precipitation is simple and 

efficient, widely utilized in many WWTPs (van Loosdrecht et al., 1997). According to the 

relative position of precipitants added to the activated sludge (AS) process, it can be 

divided into pre-precipitation, co-precipitation, and post-precipitation (Metcalf & Eddy, 

2014).  
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However, no matter where chemicals are added, there are some disadvantages. For 

both pre-precipitation and co-precipitation systems, inorganic solids produced by 

chemical precipitation can reduce EBPR performance (Carolina et al., 2011). Post-

sedimentation requires additional post-processing processes and is therefore more 

expensive and requires more space (Di Capua et al., 2022). Chemical precipitation 

generates more sludge with different compositions, which can affect downstream 

treatment methods like sludge anaerobic digestion (AD), consequently reducing biogas 

production. Studies have shown that compared with biological sludge, biogas and 

methane produced after anaerobic treatment of chemical sludge are reduced by 

approximately 12% and 8%, respectively (Parsons & Smith, 2008). In addition, a higher 

dosage of precipitants is required to achieve higher P removal efficiency, resulting in 

huge chemical consumption. This, coupled with the increased volume of sludge, leads 

to higher operation and maintenance costs compared to the EBPR process (Minnesota 

PCA, 2006). Moreover,  recovering P from chemical sludge is challenging unless tertiary 

infrastructure for chemical reduction is available (Sengupta et al., 2015; Tarayre et al., 

2016). 

2.4 Phosphorus removal by EBPR process 

EBPR was initially developed based on the biological nitrogen (N) removal processes. It 

necessitates the comprehensive consideration of all microbial metabolisms and their 

mutual impacts on nitrification, denitrification, and P removal processes. This makes the 

operation and control of biological N and P removal more complex. The configurations 

of EBPR are continuously improved and innovated with the study of related 

microorganisms and the study of the impact of various operating parameters. 

2.4.1 The principle of EBPR 
The principle of the EBPR process revolves enrichment of specific microorganisms 

known as phosphorus accumulating organisms (PAO) (Tarayre et al., 2016), such as 

Tetrasphaera- and Accumulibacter-related bacteria (Di Capua et al., 2022). These 

microorganisms can release P under anaerobic conditions while absorbing and 

accumulating P in the form of intracellular poly-P when the environment becomes 

aerobic. That is because the P scarcity condition prompts microorganisms to develop 

pathways for its accumulation, which are essential for various cellular functions such as 

nucleic acid synthesis, energy production, and protein processing (Tarayre et al., 2016). 

PAOs can accumulate a higher amount of P within their cells compared to non-PAOs, 

reaching levels of up to 12% of dry weight (Zou et al., 2014). When the amount of P 
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absorbed exceeds the amount of P released, it results in a net uptake of P, a 

phenomenon known as "luxury uptake" (Di Capua et al., 2022). After the luxury uptake 

of P by PAOs, they are separated from the water as secondary sludge (i.e., biological 

sludge) through a separation process such as sedimentation, thereby achieving P 

removal.  

Although the research on PAO metabolism remains incomplete, it is generally believed 

that once the prevailing biochemical reaction processes and microbial phosphate 

metabolism are understood, complex biological processes can be designed and 

effectively managed (van Loosdrecht et al., 1997). It is widely acknowledged that the bio-

chemical reaction process related to the P removal mechanism is as shown in Figure 1 

below.  

Under anaerobic conditions, PAOs need to store carbon sources required for growth 

within the cells, by absorbing and consuming various volatile fatty acids (VFA) (Tarayre 

et al., 2016), mainly acetate and propionate (Diaz et al., 2022), and converting them into 

polyhydroxyalkanoates (PHA) and polyhydroxybutyrate (PHB). This process requires 

energy, leading to the consumption of adenosine triphosphate (ATP), meanwhile, 

glycogen serves as the reducing power (Diaz et al., 2022). ATP can be generated by 

hydrolyzing its internally stored poly-P (Tarayre et al., 2016). As a result of poly-P 

hydrolysis, phosphate is released outside the cells. This results in the phenomenon of P 

release by PAOs under anaerobic conditions. In an aerobic environment, PAOs utilize 

available oxygen to oxidize PHA/PHB, obtaining energy for glycogen formation, 

phosphate uptake, and cell growth. PAOs will absorb more P than is released to 

replenish Poly-P reserves within cells, ensuring an adequate energy source for 

anaerobic conditions (Di Capua et al., 2022; Diaz et al., 2022).  
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Figure 1 Overview of the metabolic process of PAOs in the enhanced biological 
phosphorus removal process. (a) PAOs release phosphorus under anaerobic 

conditions, (b) PAOs uptake phosphorus under aerobic conditions. (Modified from Diaz 
et al., 2022) 

 

Recent studies have made some modifications to the traditional biological treatment 

mechanism. Barnard et al., (2017) found that only some PAOs, such as Accumulibacter, 

rely on VFAs, and other PAOs, such as Tetrasphaera, do not rely on VFAs. However, 

Tetrasphaera requires a longer residence time and environments with lower oxidation-

reduction potential (ORP) (<200 mV) to utilize carbon sources. Traditional EBPR process 

designs may inadvertently inhibit the growth of Tetrasphaera, which can thrive in deeper 

anaerobic conditions.  

Tetrasphaera demonstrates a broader capacity to utilize various carbon sources. As 

shown in Figure 2, Tetrasphaera can utilize readily biodegradable chemical oxygen 

demand (rbCOD), such as amino acids and sugars as carbon sources (Marques et al., 

2018), leading to the production of VFAs, such as acetate, via fermentation. These VFAs 

can serve as carbon sources for other PAOs (Barnard et al., 2017; Diaz et al., 2022).  

Some researchers have verified that both Dechloromonas sp. and Tetrasphaera sp. can 

utilize nitrate or nitrite (NOx) as electron acceptors to uptake P under low DO conditions. 

In other words, they exhibit denitrification capabilities and can couple the reduction of 

nitrite/nitrate with P uptake in anoxic environments (Barnard et al., 2017; S. Wang et al., 

2020), thus classified as denitrifying phosphorus-accumulating organisms (DPAOs) 

(Diaz et al., 2022).  
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Research on DPAOs is beneficial for improving EBPR efficiency due to some 

characteristics that make them superior to PAOs. For example, DPAO does not require 

additional external carbon sources for denitrification in anoxic environments, reducing 

carbon consumption, DO demand, and sludge generation in the EBPR system(Diaz et 

al., 2022). 

    

Figure 2 (a) Tetrasphaera utilizes various carbon sources under anaerobic 
conditions to produce VFAs, which are then used by Accumulibacter; (b)  Tetrasphaera 

and Accumulibacter uptake phosphorus under aerobic conditions.  ( Modified from 
Barnard et al., 2017) 

 

2.4.2 Phosphorus recovery combined with EBPR 
No matter which P removal method is used, the P removal efficiency at WWTP can 

exceed 90%, so the P concentrations in the treated effluent is very low. The majority of 

P ends up in the residual sludge. Consequently, P recovery is primarily conducted from 

the liquid or solid sidestreams of sludge treatment (Di Capua et al., 2022; Tarayre et al., 

2016). Sidestreams in a WWTP refer to the various byproduct streams generated during 

the processes of sludge thickening and dewatering. These byproduct streams are also 

known as "reject water", "centrate", "supernatant", or "filtrate", later referred to as 

supernatant (only from gravity thickening tanks) and reject liquid (for all liquid 

sidestreams) in this thesis. They typically contain residual materials, including 

suspended solids (SS) and dissolved components, and require further treatment or 

disposal (Devos et al., 2023).  
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In sludge treatment, the P concentration in sidestreams varies depending on the method 

of P removal used. In cases where biological P removal is utilized, the release of P from 

PAO during the sludge AD results in higher P concentrations in the supernatant 

compared to the chemical P removal method (Aguilar-Pozo et al., 2023). Due to the 

different characteristics between biological and chemical sludges, the selection of 

appropriate recovery technologies varies accordingly. Certain technologies are used for 

P recovery from reject liquid, while others are designed to recover P from solid fractions 

such as insoluble chemical precipitates or ash from incinerated sludge. Some 

technologies are already used in WWTPs and are being improved, while others remain 

confined to laboratory or pilot-scale experimentation stages (Di Capua et al., 2022; 

Sengupta et al., 2015). While there are many technologies for recovering P, only a few 

are economically viable (Shaddel et al., 2019). 

Chemical processes like wet-chemical extraction, wet-chemical leaching, and thermo-

chemical treatments, can achieve P recovery efficiencies of 70-90% from solid sludge 

and sludge ash. These methods need additional steps to re-solubilize P from solid sludge 

and often require the separation of heavy metals for safe utilization in agriculture (Di 

Capua et al., 2022). Physical-chemical adsorption and ion exchange methods offer 

passive and efficient P removal from mainstream or sidestreams, particularly in fixed-

bed column systems, where sorbent can be regenerated and reused multiple times. This 

technology can be used to recover P from liquid side streams or as an alternative P 

removal method to directly recover P from mainstream. However, the selection of 

suitable sorbents can be challenging, and the process involves significant costs, 

including regenerant solutions and sorbent materials. Additionally, the proper disposal of 

spent regenerants is a consideration, requiring careful management (Di Capua et al., 

2022; Sengupta et al., 2015). 

Struvite precipitation is a process that involves adding magnesium salts to wastewater 

which then forms a compound known as magnesium ammonium phosphate 

(MgNH4PO4·6H2O) (Monfet et al., 2018). Struvite can be used as a high-grade slow-

release fertilizer (Aguilar-Pozo et al., 2023). Struvite precipitation is particularly effective 

in WWTPS with EBPR and AD (Shaddel et al., 2019). Nowadays, it is considered as the 

most popular and successful approach for recovering P from reject liquid of WWTPs. It 

achieves high P recovery rates and is particularly suitable for reject liquid from biological 

sludge or industrial wastewater with high P concentrations (mainly food processing 

wastewater) (Shaddel et al., 2019). Struvite is a well-defined product with market 

potential and compatibility with existing systems. It has the advantages of high purity, 

low/moderate implementation cost, low/moderate operation cost, low waste generation, 
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and societal and political acceptance. It not only helps to improve plant economy through 

better sludge dewaterability but also generates additional income through product sales 

and enhances plant reliability by reducing operational challenges like blockages 

(Shaddel et al., 2019). 

The primary drawback of struvite precipitation is the cost of the chemicals added. This 

cost concern can be mitigated by utilizing affordable sources of magnesium. As 

technology improves and continues to be optimized, in terms of P recovery, the costs 

are comparable to those of mineral fertilizers, and the production of this kind of fertilizers 

aligns with SDGs (Monfet et al., 2018). 

2.4.3 Advantages of employing EBPR 
Compared to chemical precipitation, EBPR has the following main advantages: while the 

investment cost of the EBPR process may be higher, the operating cost is lower 

(Lehtoranta et al., 2021; Minnesota PCA, 2006); EBPR generates less sludge; P can be 

bound in biodegradable sludge,  which means that plants can more easily use the 

nutrients (Huoltovarmuusorganisaatio, 2020);  The application of EBPR simplifies the 

recovery and reuse of P from sludge treatment side streams (Tarayre et al., 2016; 

Ydstebø, Bilstad, & Kommedal, 2000). Overall, the EBPR process is generally 

considered an economical and environmentally friendly P removal technology from 

WWTPs (Wang et al., 2019; Zou et al., 2014). 

In WWTPs employing EBPR, it is common practice to utilize a sludge thickening tank 

before dewatering the biological sludge, but sometimes the anaerobic conditions within 

the thickening tank may stimulate the partly release of P accumulated within PAO cells 

into the supernatant (Tarayre et al., 2016). After AD of biological sludge, the P 

concentrations in the reject liquid are 4-10 times higher than the P concentrations in the 

reject liquid obtained during chemical sludge treatment (Lehtoranta et al., 2021). This 

makes the supernatant and other reject liquid produced from treating biological sludge 

highly suitable for P recovery via the crystallization process such as struvite precipitation 

(Pastor et al., 2008; Shaddel et al., 2019). By recovering P, more P is removed from the 

system, thereby reducing the P concentration in the effluent. 

Considering these advantages of EBPR, various policies are further promoting both 

research and applications of EBPR technology in the Nordic countries. In Finland, the 

primary objectives include reducing the demand for chemicals and increasing P 

recovery. The National Emergency Supply Agency (Huoltovarmuusorganisaatio) of 

Finland suggests conducting individual studies on the potential of EBPR implementation 

in each WWTP to reduce chemical consumption. They also believe it is necessary to 



14 
 

develop practical guidelines for the application of EBPR in typical Finnish WWTPs 

(Huoltovarmuusorganisaatio, 2020). 

According to the technical proposals outlined in the Fertilising Products Regulation 

(Regulation (EU) 2019/1009), the application of struvite to recovery P in wastewater 

treatment is supported by policies. European institutions and consultations have 

recognized the importance of sustainable P use, leading to discussions on potential 

actions to address the issue. These initiatives aim to enhance domestic plant nutrient 

sourcing, reduce landfilling, and contribute to sustainable agriculture ((EU) 2019/1009, 

2023). Regulatory support for P recovery from WWTPs is essential for facilitating the 

implementation of sustainable P removal and recovery technologies. 

2.5 Operational parameters affecting EBPR efficiency 

Due to the incomplete understanding of microbial metabolic behavior in EBPR sludge, 

unpredictable failures are prone to occur during actual operation, making process design 

highly empirical (Vargas et al., 2009). The key to improving the P removal effect of PAO 

and DPAO is to control the alternation of anaerobic-aerobic, or anaerobic-anoxic 

environments. Some studies have validated the significance of P release in anaerobic 

environments. More P is released under anaerobic conditions, subsequently leading to 

increased P uptake in aerobic/anoxic environments (Diaz et al., 2022; Vaiopoulou & 

Aivasidis, 2008). The primary role of the anaerobic stage is not only to provide VFA 

available to PAO but more importantly, to ensure that PAO has a competitive advantage 

in substrate absorption, thereby preferentially utilizing the substrate rather than being 

occupied by other heterotrophic bacterias (van Loosdrecht et al., 1997). Therefore, 

studying the operational parameters that affect EBPR efficiency mainly involves 

understanding how to create conditions that promote the enrichment of PAOs or DPAOs, 

giving them a competitive advantage over other heterotrophic microorganisms.  

2.5.1 Temperature 
Temperature seems to be the most difficult parameter to control compared to other 

operating factors (Zou et al., 2014). According to actual operating experience, the EBPR 

process can be operated stably across a broad temperature range (Diaz et al., 2022). 

The suitable temperature for PAOs is typically below 20 °C, When the temperature is 

higher than 20 °C, glycogen-accumulating organisms (GAO) has a competitive 

advantage over PAO (López-Vázquez et al., 2008).  

The direct effect of temperature on the P removal system is mainly its influence on the 

kinetics of the EBPR process under anaerobic and aerobic conditions (Brdjanovic et al., 
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1997). However, due to the complexity of the biochemical reactions in actual situations 

and the inconsistency of other operating conditions, There is controversy in many studies 

regarding the effect of temperatures within the 5 to 20 °C range on the actual efficiency 

of EBPR. The differences observed in various studies regarding the temperature's 

impact may be attributed to other non-temperature operating factors (Ydstebø, Bilstad, 

& Kommedal, 2000). Erdal et al., (2003) used synthetic wastewater in University of Cape 

Town (UCT) plants and showed that although the kinetic rate decreased with decreasing 

temperature, the P removal effect of the EBPR system became better. When studying 

the competitive relationship between PAOs and GAOs in the EBPR system, it was also 

found that at low temperatures (10 °C), regardless of the carbon source used (propionate 

or acetate) or the pH value (6.0, 7.0, and 7.5), PAOs are the dominant microorganisms 

(Lopez-Vazquez et al., 2009). In a lab-scale study, anaerobic-aerobic and anaerobic-

anoxic reactors were utilized to enrich PAOs and DPAOs, respectively. The results 

demonstrated that both types of reactors can achieve stable P removal efficiency at 

temperatures ranging from 8 to 11 °C. Additionally, the activity of PAOs was found to be 

higher than that of DPAOs at lower temperatures (Zou et al., 2014). Therefore, it is 

feasible to achieve high P removal efficiency at low temperatures when only considering 

the microbial P removal mechanism. 

2.5.2 Carbon sources in primary effluent 
The instability of P removal in the EBPR system during winter is mainly due to the indirect 

effect of low temperatures. The primary reason is the scarcity of VFAs in primary effluent 

(Mikola et al., 2011). Although the growth rate of PAOs is not affected by low 

temperatures, the hydrolysis and fermentation of rbCOD into VFA are limited at low 

temperatures (Crawford et al., 2007). This limitation results in a shortage of available 

carbon sources for PAOs, indirectly impacting the P removal effectiveness of EBPR.  

The primary effluent in traditional EBPR plants generally passes through the anaerobic 

zone first (Di Capua et al., 2022; Diaz et al., 2022), so the characteristics of primary 

effluent have a great impact on the biochemical reactions in the anaerobic zone. As it is 

a struggle to achieve a deep anaerobic environment suitable for DPAO growth in 

traditional EBPR plants (Barnard et al., 2017), the relative abundance of PAO is higher 

than DPAO. Therefore, ensuring an adequate supply of VFA in primary effluent is 

essential to meet the carbon source demands of PAOs (Diaz et al., 2022). A full-scale 

study confirmed that supplementing acetic acid at a concentration of 15 mg/L (as acetic 

acid) significantly enhanced P removal efficiency in a WWTP employing the UCT process 

(Jönsson et al., 1996). Through batch tests, Wang et al. (2020) found that propionate is 
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the preferred carbon source for PAO. The chemical oxygen demand (COD)/P ratio and 

the carbon (C) / N in primary effluent also influence the population of PAOs and the 

efficiency of P removal (Diaz et al., 2022). Earlier studies showed that a COD/P ratio 

greater than 40 is necessary to ensure that the P content in the effluent of EBPR remains 

below 1 mg/L (Ydstebø, Bilstad, & Barnard, 2000). However, later research found that 

even with a COD/P ratio as low as 3, at a temperature of 28 °C, stable P removal still 

can be achieved (Ong et al., 2013). The proliferation of Competibacter, such as GAO, 

may be related to the concentration of organic matter in primary effluent (COD and BOD). 

However, research has found that under low-temperature environments, the 

concentration of organic matter has little impact on promoting this Competibacter (López-

Vázquez et al., 2008). 

Complex carbon sources in primary effluent, such as glucose and amino acids, can be 

utilized by DPAO, or partially converted into VFA through an anaerobic fermentation 

process. For example, rbCOD is fermented into VFA in the anaerobic zone of the 

Phoredo (a.k.a. the AO and A2O) system (Barnard et al., 2017). This is a solution for 

EBPR systems with insufficient VFA carbon sources in primary effluent (Diaz et al., 2022; 

van Loosdrecht et al., 1997). Additional VFA can be obtained by fermenting primary 

sludge and returned activated sludge (RAS). Specific examples of this process will be 

discussed in Chapter 3.3. 

Overall, numerous researches have demonstrated that both the type and quantity of 

carbon sources have a direct impact on the EBPR process. Effective management of 

carbon sources in primary effluent is therefore crucial for ensuring the stable operation 

of EBPR.  

2.5.3 DO and ORP 
DO and ORP  are considered routine operating factors during the operation of AS 

process, highly affecting P removal and the competitive advantage of PAOs for carbon 

resources. It was found that a higher P removal efficiency can be achieved even at lower 

DO levels (Diaz et al., 2022; Izadi et al., 2021). Therefore, determining the amount of 

aeration in the aerobic zone mainly depends on whether the nitrification reaction is 

sufficient. However, to ensure sufficient nitrification in a low-temperature environment, a 

longer aeration hdraulic retention time (HRT) is needed, resulting in excessive DO levels 

in the aerobic zone, which may lead to rapid depletion of PHA and PHB stored in PAO 

(López-Vázquez et al., 2008). Consequently, the lack of sufficient PHA and PHB for P 

uptake, combined with increased competition from GAO, results in unstable P removal 

(Izadi et al., 2021). To ensure complete nitrification, maintaining a DO level greater than 



17 
 

2 mg/L is advised (How et al., 2018). However, when DO exceeds 2 mg/L, GAOs 

dominate, whereas PAOs dominate when DO levels drop below 1.5 mg/L. Additionally, 

the decrease in P removal efficiency in full-scale WWTPs is often attributed to excessive 

aeration in the aerobic zone, which increases the amount of oxygen recycled to the 

anaerobic zone (Vargas et al., 2009). Hence, controlling the aeration rate in the aerobic 

zone not only conserves energy but also enhances P removal efficiency (Barnard et al., 

2017). 

Compared with the aerobic zone, the control of DO and ORP in the anaerobic zone 

seems to be more difficult. Based on the previous discussion regarding DPAO, it can be 

inferred that maintaining a diverse population of PAOs in the anaerobic zone is crucial 

for optimal EBPR. Some studies have confirmed that creating deep anaerobic conditions 

(no oxygen, NOx present) with an ORP below -200 mV will promote the growth of DPAOs 

(Barnard et al., 2017), which excel in fermenting complex carbon sources and producing 

VFA for other PAOs. In addition, because PAO has higher oxygen affinity, it has a more 

competitive advantage than GAO under lower DO (0.8 mg/L) (Izadi et al., 2021). 

However, most conventional EBPR plants struggle to achieve this low ORP level to 

provide a deep anaerobic zone. The main reasons are as follows: The conventional 

layout of EBPR systems may have excessive primary effluent flow with high DO, 

particularly during heavy rainfall period and will also reduce the HRT, impeding the 

fermentation of rbCOD.  Moreover, overmixing can also impede the reduction of the ORP 

to the ideal value (Barnard et al., 2017). Furthermore, the presence of NOx in the RAS 

also impacts the ORP in the anaerobic zone. NOx promotes the growth of heterotrophic 

denitrifying bacteria. Consequently, their competition with PAOs for rbCOD significantly 

influences P release (Diaz et al., 2022; Tarayre et al., 2016).  

Therefore, managing the flow rate and characteristics of the influent entering the 

anaerobic zone, whether it is primary effluent or RAS, as well as adjusting the mixing 

method, are key to achieving low DO and low ORP in the anaerobic zone. This is also 

the starting point for innovating the design of the EBPR layout. 

2.5.4 SRT, HRT and MLSS 
Sludge retention time (SRT), HRT and mixed liquor suspended solids (MLSS) are crucial 

design parameters to consider in EBPR design. Additionally, they serve as pivotal 

adjustment parameters that significantly impact the effectiveness of P and N removal. 

The SRT value range used in actual operation is relatively wide, generally 5-20 days. An 

SRT that is too long will affect the stability of the EBPR system, but an SRT that is too 

low will affect the removal effect of total N (Diaz et al., 2022). However, in actual 
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operation, considering the fluctuation of flow and loading, extending the SRT to 

significantly exceed the minimum required for nitrification can help to mitigate the effects 

of low DO in aerobic areas and improve the system's stability (Guanghao et al., 2023). 

Ordinary heterotrophs grow faster than PAOs. SRTs lower than 5 days favor the 

proliferation of ordinary heterotrophs, leading to the washout of PAOs (Diaz et al., 2022).  

Based on research using lab-scale sequencing batch reactor (SBR), it was found that 

extending the HRT in the anaerobic zone does not affect the P removal efficiency of 

PAOs, even when VFAs in the anaerobic zone are depleted. Therefore, whether the 

anaerobic zone has sufficient HRT is the key to ensuring the P removal effect. 

Furthermore, it is proposed that maintaining an HRT of 1 to 3 hours in the anaerobic 

zone is advantageous for the enrichment of PAOs (Coats et al., 2011). 

From the perspective of P removal, higher HRT and higher DO in the aerobic zone are 

conducive to the proliferation of GAO, resulting in a limited P removal efficiency and 

instability of the EBPR system. Therefore, it is necessary to optimize the aerobic HRT 

while controlling the DO level at a lower concentration, thereby promoting the enrichment 

of PAO (Izadi et al., 2021). P removal is achieved through waste sludge, if the amount 

of waste sludge is reduced, it will lead to a decrease in the P removed from the system, 

leading to an increase in P concentration in the effluent. Additionally, a longer SRT will 

result in higher P content in the MLSS, increasing the risk of secondary P release in the 

secondary sedimentation tank (Brett & Larry, 2018). Therefore, it is crucial to balance 

the SRT and HRT to ensure both effective nitrification and adequate P removal. 

2.5.5 Simultaneous N and P removal 
In the biological simultaneous N and P removal process, it is important to consider not 

only the direct factors that have been previously discussed but also the indirect factors 

that impact P removal efficiency in order to ensure effective N removal. Biological N 

removal involves two processes: nitrification and denitrification. Since nitrifiers grow 

more slowly than heterotrophic denitrifiers, the efficiency of denitrification largely 

depends on the extent of nitrification, i.e., the availability of sufficient NOx. Therefore, 

creating favorable growth conditions for nitrifiers is crucial for improving N removal 

efficiency (Zhou et al., 2023). 

The activity of nitrifiers in AS primarily depends on temperature and SRT, while effective 

denitrification requires an anoxic environment and sufficient carbon sources 

(Komorowska-Kaufman et al., 2006). Unlike biological P removal, the microorganisms 

involved in the biological N removal process, nitrifiers and denitrify, are more sensitive 
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to temperature change. Low-temperature environments will affect the activity of 

microorganisms, leading to a decrease in N removal efficiency (Mishra et al., 2022). 

When considering simultaneous N and P removal, the HRT of the aerobic phase and the 

SRT are typically constrained not by P uptake but by nitrification, due to the slower 

growth rate of nitrifying bacteria compared to PAOs, especially in low-temperature 

environments (van Loosdrecht et al., 1997). It is also necessary to maintain an adequate 

population of nitrifying bacteria, which requires a high level of MLSS during the AS 

process. This can be achieved by reducing the amount of waste sludge. Additionally, this 

helps maintain a lower food-to-microorganism (F/M) ratio, which is beneficial for 

nitrification (Michael, 2016). A longer SRT has been shown to enhance the nitrification 

process, particularly in low-temperature environments. It was observed that extending 

the SRT over 20 days can mitigate the adverse effects of low temperatures 

(Komorowska-Kaufman et al., 2006).   

To ensure complete nitrification, longer aerobic HRT (Zhou et al., 2023) and higher 

internal sludge recycle flow (Baeza et al., 2004) are required. However, this can reduce 

the anaerobic HRT or make it difficult to maintain a good anaerobic environment. 

Therefore, improving N removal efficiency without compromising the effectiveness of 

biological P removal is another important factor to consider. This means that the direct 

factors affecting N removal efficiency should also be taken into account. 

There seem to be some contradictions in the adjustment of operational parameters when 

meeting the requirements of both N and P removal through EBPR. These contradictions 

are summarized in the Table 2 below. It is essential to conduct parameter adjustment 

experiments based on the specific conditions of WWTP, such as influent water quality 

characteristics, temperature, and the process used, to achieve the most optimal balance. 

In conclusion, the primary factor affecting P removal in low-temperature environments is 

the indirect impact of temperature. Low temperatures affect the hydrolysis and 

fermentation of rbCOD in the influent, resulting in reduced production of VFA. 

Additionally, in low-temperature environments, the need for sufficient nitrification 

increases the amount of NOx and oxygen recycled to the anaerobic zone, which affects 

the formation of a deep anaerobic zone, thereby reducing P release efficiency. Extending 

the aeration HRT by increasing the proportion of the aerobic zone may be necessary, 

potentially at the expense of biological P removal, since chemical methods offer an 

alternative for P removal. Achieving both biological P and N removal in low-temperature 

environments poses a conflicting challenge. 

 



20 
 

Table 2. The requirements of nitrifiers and PAOs for different operating parameters 
in achieving effective N and P removal ( Modified from Brett & Larry, 2018) 

 

Parameter Nitrifiers PAOs 

Temperature Sensitive to temperature Not sensitive to temperature 

Carbon 

sources 

CO2 VFA 

DO High (>2 mg/L ) Very low (below 0.8 mg/L) 

SRT The lower the temperature, the 

higher the SRT required (>20 days) 

Short  

HRT Long aerobic HRT especially in low-

temperature environments 

Long anaerobic HRT (1-3  

hours) 

MLSS High Will have secondary P release 

risk if MLSS is too high 
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3. SUCCESSFUL EBPR CASES IN NORDIC 
WWTPS 

This chapter describes the WWTPs in Nordic countries that have successfully conducted 

EBPR operation experiments and achieved stable biological P removal effects.  Through 

analyzing the operational parameters and modification methods of these plants, the 

feasibility of achieving effective EBPR under low-temperature environments in Finland 

was discussed. 

3.1 The Bio-Denipho system and sidestream EBPR in Denmark 

Denmark implemented modifications to meet updated effluent standards by refining the 

Bio-Denitro biological N removal process. By incorporating an anaerobic tank before the 

Bio-Denitro process, Denmark successfully achieved simultaneous biological P and N 

removal. This upgraded methodology was called the Bio-Denipho process (Erik & Gert, 

1988).  

Figure 3 shows the basic operation flow chart of the Bio-Denipho process. After the 

preliminary treatment, the primary effluent enters the anaerobic tank where it is 

thoroughly mixed with the RAS from the secondary sedimentation tank. The Aalborg 

West WWTP in Denmark utilizes three anaerobic tanks arranged in series. This 

configuration is designed to mitigate the influence of NOx in the returned sludge on the 

anaerobic environment. Even if NOx is present in the returned sludge, its impact is 

confined to the first anaerobic tank. This ensures that the subsequent two anaerobic 

tanks maintain a real anaerobic environment beneficial to PAO. Subsequently, the 

effluent from the anaerobic tank flows into two oxidation ditches arranged in series. The 

effluent from the anaerobic tank is distributed through the motor distributor to the first 

oxidation ditch under anoxic conditions, rbCOD serves as a carbon source essential for 

denitrification. The rest of the organic matter and ammonium then enter the second 

oxidation ditch under aerobic condition. After a designated duration, both oxidation 

ditches change their conditions. The oxidation ditch previously employed for nitrification 

reactions closes its surface aerator, creating an anoxic environment. This facilitates the 

conversion of NOx into free nitrogen. Simultaneously, the effluent from the anaerobic 

tank enters the oxidation ditch to supply a carbon source, as shown in phase 2 in Figure 

3. Due to the anaerobic process installed before the oxidation ditch, luxury P uptake can 

be conducted by PAO or DPAO in the oxidation ditchs, thereby achieving the objective 
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of simultaneous N and P removal (Bundgaard & Pedersen, 1991; Einfeldt, 1992; Erik & 

Gert, 1988). 

Based on the initial application of the Bio-Denipho process in Denmark, it cannot be 

assured to meet the P discharge standard throughout the year, particularly for WWTPs 

handling only domestic wastewater (Erik & Gert, 1988). To maintain low P levels in the 

effluent (less than 1 mg/L), a small amount of chemical precipitants must be added 

(Bundgaard & Pedersen, 1991). 

 

Figure 3 Bio-Denipho process flow diagram: simultaneous nitrogen and 
phosphorus removal is achieved by adding an anaerobic tank before two series 

oxidation ditches (Modified from Bundgaard & Pedersen, 1991) 

 

To enhance the efficacy of biological P removal in low-temperature environments, some 

improved measures have been tested and implemented, such as an alternative 

sidestream EBPR, through adding a return sludge biological hydrolysis process to 

increase the amount of available carbon source for PAO. The design is shown in Figure 

4 (Bundgaard & Pedersen, 1991; Vollertsen et al., 2006). In Denmark's WWTPs, the 

content of VFA in the raw wastewater is generally low. For example, a survey of the 

influent to the Aalborg West WWTP showed that the VFA content is only 1g/m3 

(Vollertsen et al., 2006). According to Vollertsen et al., (2006) research on two WWTPs 

in Aalborg, Denmark, sidestream EBPR shows great potential as an alternative to the 

traditional mainstream EBPR process, which reduces dependence on incoming water 

quality and quality changes. Research results showed that although the hydrolysis 
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process in low-temperature environments had a rather low formation rate of rbCOD and 

with an insignificant part of VFA content, the low formation rate can be offset by 

increasing hydrolysis HRT and MLSS. Part of the rbCOD produced through the 

hydrolysis process is used by PAO and part is accumulated in the sludge and used by 

subsequent denitrifying bacteria. A similar process, known as side-stream EBPR 

(S2EBPR), has also been implemented in various countries and regions. Researchers 

have been investigating the operational parameters that influence the efficacy of 

S2EBPR and have demonstrated its significant effectiveness in enhancing mainstream 

EBPR performance (Wang et al., 2019). 

   

Figure 4 A sidestream EBPR process with biological anaerobic hydrolysis of return 
sludge 

  

Generally, the flexibility and operability of Bio-Denipho are advantageous. However, 

achieving optimal operational results necessitates meticulous control of parameters such 

as the duration of alternating operation cycles in oxidation ditches and the volume of 

sludge return, which must be tailored to actual operating conditions. While mathematical 

models can serve as effective tools for optimization and control, they demand higher 

levels of proficiency from operators, posing a challenge in practical implementation 

(Bundgaard & Pedersen, 1991). Taking into account space limitations and operating 

costs, sidestream EBPR has been demonstrated as a cost-effective solution. Its ability 

to utilize existing structures to the fullest extent makes it particularly suitable for 

upgrading existing WWTPs (Andreasen et al., 1997). 
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3.2 Hydrolysis of primary sludge process in Sweden 

In order to ensure sufficient nitrification in a low-temperature environment, initial P 

removal relies on the addition of a large amount of chemicals, which is a relatively stable 

and easy-to-operate method. Initially to save operating costs and along with the 

enhancements in process knowledge stimulated the development of various precipitation 

models in Sweden. These include the adoption of pre-precipitation and co-precipitation, 

as well as the incorporation of sludge stabilization processes and other improvement 

measures aimed at reducing chemical consumption (Morling, 2019). Until the late 1990s, 

the successful application of EBPR in Sweden greatly reduced the usage of chemical 

precipitants (Morling, 2019). 

Öresundsverket WWTP is the first full-scale plant in Sweden to apply EBPR. The plant 

was upgraded from a traditional UCT system (Jönsson et al., 1996). The flow chart is 

shown in Figure 5. The advantage of this design is to minimize the impact of NOx in the 

return sludge on the anaerobic zone, maintain a deep anaerobic environment in the 

anaerobic zone, and promote PAO/DPAO accumulation, thereby promoting the release 

of P (Vaiopoulou & Aivasidis, 2008).  

A project in the Öresundsverket WWTP demonstrated the possibility of achieving stable 

biological P removal in low-temperature environments. During this project, a new 

parameter the VFA-potential was introduced, and determined the relationship between 

this parameter and the traditional parameters COD and BOD. The data from this project 

showed that a certain amount of VFA-potential was required to remove each mg of P. In 

addition, the researchers verified the impact of the lack of VFA on EBPR by adding 

additional carbon source acetic acid. During the testing period, if the VFA-potential is 

sufficient, the P concentration in the effluent can be less than 0.3 mg/L even at 

temperatures below 10 °C. 

 

Figure 5 The flow chart of the UCT process (Modified from Tarayre et al., 2016) 
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In order to provide sufficient VFA-potential for this process, the researchers changed the 

operation method of the primary sedimentation tank (Jönsson et al., 1996). The 

conventional pretreatment process removes a portion of the organic matter. While this 

reduces the load on subsequent treatment processes, it also reduces the availability of 

carbon sources essential for subsequent biological treatment (Andreasen et al., 

1997).The new strategy implemented at Öresundsverket WWTP is creating a thicker 

sludge layer at the bottom of the primary sedimentation tank as shown in Figure 6. This 

enables anaerobic fermentation and hydrolysis of organic matter within the anaerobic 

environment generated by the sludge layer, resulting in the production of a certain 

amount of VFA. At the same time, to prevent the VFA produced from being pumped out 

with the primary sludge, a bottom-to-surface circulation system is added to allow VFA to 

enter the supernatant from the sludge and subsequently follow into the subsequent  

process (Jönsson et al., 1996). This strategy is also applied in Danish WWTPs with the 

goal of reducing operating costs. During warmer seasons, the hydrolyzed bottom sludge 

in the primary sedimentation tank is utilized in place of separate sludge hydrolysis 

processes (Andreasen et al., 1997). 

Another successful solution to the problem of VFA deficiency in influent has been 

adopted in smaller-scale WWTPs, such as the Tjustvik SBR-plant in Sweden, which has 

a population equivalent size of 15,000. By adding septic tank sludge, the plant achieved 

a stable P removal effect, with effluent P concentrations even below 0.15 mg/L (Morling, 

2001). 

 

Figure 6 The hydrolysis process of primary sludge in the primary sedimentation 
tank equipped with an internal circulation sludge system  (Modified from Jönsson et al., 

1996) 
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3.3 Norwegian practice in operating EBPR at low temperatures 

Norway conducted a full-scale operational experiment at its first EBPR WWTP, Groos 

WWTP in Grimstad to investigate optimal operational parameters in low-temperature 

environments (approximately 5 °C) tailored to the specific wastewater characteristics of 

Norway. This experiment provided a theoretical basis for the subsequent upgrading of 

traditional chemical P removal plants in Norway (Ydstebø, Bilstad, & Kommedal, 2000).   

During the operating experimental period, the influence of the local climate environment 

was emphasized. The most important was the fluctuation of influent quality and quantity,  

which were significantly affected by the weather (Ydstebø, Bilstad, & Barnard, 2000). 

The experimental report pointed out that low temperature mainly reduced the nitrification 

reaction rate but had no significant impact on EBPR. Compared with the effect of low 

temperature, COD loading has a greater impact on the nutrient removal effect. 

Subsequently, another full-scale experiment was conducted at this plant, along with 

another plant in Norway using primary sludge fermentation within the primary 

sedimentation tank and reached similar conclusions (Ydstebø, Bilstad, & Kommedal, 

2000). 

The rainy and snow melting season results in higher hydraulic loading, thereby reducing 

the HRT of biological reaction processes and diluting rbCOD in raw wastewater. This 

leads to insufficient biological reactions and insufficient VFA sources affecting the 

accumulation of PAO in the anaerobic zone (Ydstebø, Bilstad, & Kommedal, 2000). This 

is also the characteristic of the domestic wastewater of Finnish WWTPs. An influent 

survey at Pihlajaniemi WWTP in Finland also described similar water characteristics and 

found that the rainy season has a greater impact on EBPR stability than low temperature 

(Mikola et al., 2011). 

The bioreactor tank, serving as the main unit in the activated sludge process for 

biodegrading organic pollutants at Groos WWTP, was designed with a preanoxic tank 

before the traditional A2O process, with RAS flowing back to the preanoxic tank, as 

illustrated in Figure 7. During the rainy and snow melting season, a part of the primary 

effluent overflows into the anoxic tank. The anaerobic tank is divided into two consecutive 

cells. The purpose of this design is to maintain low DO levels and a lack of NOx in the 

anaerobic tank, thereby providing a deep anaerobic environment conducive to the 

release of P by PAO. To address the shortage of VFA, a primary sludge hydrolysis 

process was introduced. The sludge from the primary sedimentation tank undergoes 

anaerobic fermentation in a gravity concentration tank, with the supernatant then directly 

returned to the anaerobic tank (Ydstebø, Bilstad, & Barnard, 2000). 
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Figure 7 The flow chart of EBPR with sludge hydrolysis process at Groos WWTP 
(Modified from Ydstebø, Bilstad, & Barnard, 2000)  

 

A control experiment was conducted in this plant and the results showed that the addition 

of supernatant did not significantly enhance the P removal efficiency due to sufficient 

COD/P in the raw wastewater (Ydstebø, Bilstad, & Kommedal, 2000). However, 

measurements of P release phenomena in the anaerobic tank indicated increased 

activity of PAO upon the addition of supernatant. 

The direct impact of low temperature on biological nutrient removal (BNR) mainly affects 

the growth rates of microorganisms, especially nitrifying bacteria. However, these effects 

can be mitigated by extending the SRT. The results of the experiment demonstrated that 

when the COD load is sufficient, maintaining a higher SRT at low temperatures can 

achieve stable P and N removal effects. In winter, this plant extended the SRT from 6 

days in summer to 21 days, the maximum is even 49 days. The effluent P concentration 

was only 0.25 mg/L at 6-8 °C and 0.6 mg/L at 5 °C. However, a longer SRT results in 

higher MLSS, especially when the hydraulic load increases in the rainy season, which 

may deteriorate the settling performance of the secondary sedimentation, leading to 

higher SS content in the effluent and consequently elevated levels of P and N. 

Nevertheless, low temperatures enhance sludge settling performance, facilitating the 

maintenance of higher MLSS (6000-8000 mg/L in this experiment) and longer SRT, thus 

ensuring the adequacy of biological reactions. Furthermore, low temperatures suppress 

the release of P from the secondary sedimentation sludge, thereby positively influencing 

the removal efficiency of both P and N (Ydstebø, Bilstad, & Barnard, 2000). 
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3.4 HUT/Savonlinna-process in Finland 

Due to the limitations of EBPR operating conditions, such as low temperature and 

whether there are enough VFA in the influent,  EBPR is not a mainstream P removal 

technology in Finland. Furthermore, the effective implementation of EBPR requires 

advanced instrumentation and a higher level of expertise compared to conventional 

chemical precipitation processes. Consequently, EBPR is primarily suitable for medium 

to large-scale WWTPs (Huoltovarmuusorganisaatio, 2020).  

Helsinki University of Technology (HUT) conducted EBPR applied full-scale research at 

the Pihlajaniemi WWTP of Savonlinna, so-called the HUT/Savonlinna process. This 

process achieved highly efficient and stable biological N and P removal without any extra 

carbon source throughout the year. The TP concentration in the effluent was less than 

0.5 mg/L, and the P removal efficiency was greater than 95% ( Kiuru & Rautiainen, 1998). 

According to the experimental phase data, only a small amount of precipitant needed to 

be added during the snow-melting period to enhance the P removal efficiency. Chemical 

and energy consumption costs were significantly reduced (Kiuru & Rautiainen, 1998). 

The HUT/Savonlinna process provides cost-effective solutions for municipal treatment 

plants in Finland, surpassing conventional methods (Kiuru, 2000).  

The bioreactor tank of the HUT/Savonlinna process is composed of 5 plug-flow 

components in series, as shown in Figure 8, which can offer various alternative 

operational modes depending on different conditions throughout the year. The bioreactor 

compartment volume percentage and main process of HUT/Savonlinna-process is 

shown in Figure 9. Compartment No. 4 has the largest capacity and always maintains 

an aerobic condition. The other compartments change their functions according to 

temperature changes. The secondary sedimentation tank of the plant also serves as the 

post-denitrification function of the bioreactor. By controlling the amount of return sludge, 

a thicker sludge blanket at the bottom is maintained to form an anoxic environment. The 

effluent from the bioreactor is rich in NOx, then denitrification takes place inside the 

sludge blanket. This strategy also helps reduce the NOx content in the return sludge and 

reduces the impact on the anaerobic zone (Kiuru & Rautiainen, 1998). 

During winter, when the growth rate of nitrifying bacteria slows down (van Loosdrecht et 

al., 1997), it is necessary to extend the HRT of the aerobic tank and maintain a higher  

MLSS level (about 8000 mg/L) to ensure sufficient nitrification. In cases of extremely low 

temperatures (below 6 °C), to ensure denitrification efficiency, aeration is maintained in 

all biological reaction tanks, while post-denitrification is conducted in the secondary 

sedimentation tank. Additionally, chemical P removal is achieved by adding iron salts, 
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however, this operational mode requires minimal chemical usage and is only 

implemented for at most one month (Kiuru & Rautiainen, 1998). 

 

  

Figure 8 The main alternative processes of HUT/Savonlinna-process at various 
temperatures ( Modified from Kiuru & Rautiainen, 1998) 

 

 

Figure 9 The flow chart of HUT/Savonlinna-process at Pihlajaniemi WWTP 
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The operating parameters at Pihlajaniemi WWTP were similar to those at Groos WWTP, 

so the risk of higher MLSS had to be considered. The maximum MLSS recorded during 

the operating experiment reached as high as 12000 mg/L. Despite the low temperature 

and low COD load, the sludge maintained good settling performance, with a diluted 

sludge volume index (DSVI) of only about 50-80 ml/g. The higher MLSS and adequate 

aeration time made the HUT/Savonlinna process excellent for organic matter removal, 

with practical nitrification proving to be highly sufficient (Kiuru & Rautiainen, 1998). After 

the introduction of biological P removal, it was noted that a portion of P was absorbed in 

an anoxic environment. This phenomenon may be attributed to natural selection. 

Approximately 50-60% of the PAOs in AS were verified to have the ability to 

simultaneously denitrify and absorb P in an anoxic environment, which is a characteristic 

feature of DPAO (Kiuru et al., 1996). 

Another research was conducted at the Pihlajaniemi WWTP to investigate the effect of 

constant flow and prefermentation on the performance of the BNR process. During the 

first phase, through controlled experiments, the original function of the primary 

sedimentation tank of the experimental group was changed to an equalization tank to 

control the stable flow and organic load entering the BNR process. At the same time, it 

also served as a pre-fermentation tank, using its own internal carbon source to provide 

more VFA. In the second stage, a circulation pump was added to the 

equalization/prefermentation  tank, as shown in Figure 6, similar to the primary sludge 

fermentation strategy at Öresundsverket WWTP (Mikola et al., 2008). 

Experimental results showed that constant flow rate and organic load can improve the 

stability of sludge in the BNR tanks and secondary sedimentation tank, making it easier 

to control the aeration volume and sludge return flow, and a reduction in sludge 

production was also observed. The smaller fluctuations in MLSS in the secondary 

sedimentation tank also make it possible to maintain a higher MLSS. The implementation 

of the equalization/prefermentation process increased the VFA in primary effluent by 

50%  and also significantly improved the N removal efficiency. However the P release in 

the anaerobic tank was not enhanced, and the P removal effect did not increase. The 

addition of a circulation pump did not increase the amount of rbCOD in primary effluent 

as expected, but it caused more SS and inert partials to enter the BNR process, resulting 

in better settling performance of the sludge (Mikola et al., 2008).  

Additionally, monitoring of Pihlajaniemi WWTP influent wastewater quality revealed 

significant VFA production in the large sewer systems during winter. The VFA potential 

in influent is higher during winter but significantly decreases during wet weather periods. 

Biological activity in sewers decreased organic load during warm water periods. To 
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optimize the BNR process, minimizing surface flow intrusion into sewers and favoring 

prefermentation during wet weather are recommended (Mikola et al., 2011). 

The common current practice in Finland is to complement biological P removal with the 

chemical removal process if the biological treatment proves insufficient. In recent years, 

considering the inevitable trend of future P recovery demand from WWTPs and the 

impact of unstable phosphate rock supply and price fluctuations, the Finnish Security of 

Supply Organization (HVO) has recommended the application of EBPR nationwide 

(Lehtoranta et al., 2021). The successful application of the HUT/Savonlinna process 

suggests that stable year-round biological P removal is achievable in Finland. The 

extensive experimental experience gained from this process can serve as a valuable 

reference for upgrading medium to large-scale WWTPs in Finland. 

Table 3 summarizes the technical improvement strategies implemented by the Nordic 

countries (excluding Iceland) to achieve stable EBPR performance throughout the year.
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Table 3. Strategies implemented by the Nordic countries to achieve stable EBPR performance in low-temperature environments. 
 

Country Process configuration Strategy Purpose of Strategy References 

Denmark Bio-Denipho 

Three anaerobic tanks in series Mitigating the influence of NOx on the 
anaerobic environment 

(Bundgaard & Pedersen, 
1991); (Vollertsen et al., 2006) 

Sidestream EBPR 
Providing more VFA  Hydrolysis of primary sludge (warmer 

seasons) 

Mathematical models Optimization and control of operating 
parameters 

Sweden UCT system 
Hydrolysis of primary sludge with the 
Internal circulation in the primary 
sedimentation tank 

Providing more VFA  (Jönsson et al., 1996) 

Norway 
Equipped with a 
preanoxic tank before 
the A2O process 

Hydrolysis of primary sludge in a 
gravity concentration tank and the 
supernatant is returned to the 
anaerobic tank 

Providing more VFA  
(Ydstebø, Bilstad, & Barnard, 

2000) 
Maintaining higher SRT and MLSS 
during low temperatures or the rainy 
season 

Ensuring sufficient nitrification  

Finland HUT/Savonlinna 
process 

Maintaining  higher HRT and MLSS Ensuring sufficient nitrification  

(Mikola et al., 2008); (Kiuru & 
Rautiainen, 1998) 

The secondary sedimentation tank 
serves as a post-denitrification tank Ensuring sufficient denitrification  

Setting the primary sedimentation 
tank as the 
equalization/prefermentation tank 

Stable hydraulic load/Providing more VFA  
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4. MATERIALS AND METHODS 

The objective of the case study at the Huittinen WWTP was to investigate the factors 

affecting biological P removal efficiency under low-temperature environments and 

determine how operating parameters can be adjusted to enhance the biological removal 

efficiency of P. This objective will be accomplished by conducting a comparative analysis 

of the operational parameters and water quality data of the Huittinen WWTP with those 

of successful cases in Nordic countries. The data used for the case study was provided 

by the manager of the Huittinen WWTP and covered an analysis period of two years, 

from April 2022 to March 2024. 

4.1 Introduction of Huittinen WWTP 

The Huittinen WWTP, which was renovated and expanded on the site of the former 

Pappilanniemi WWTP, not only treats wastewater from Huittinen but also from the 

Sastamala, Punkalaidun, Vampula, and Kiikoinen regions. 9 old WWTPs in these areas 

have been closed and their wastewater is now centrally treated by the Huittinen WWTP 

(Etelä-Suomen aluehallintovirasto, 2015). At Huittinen WWTP, part of the wastewater 

comes from the food industry, which guarantees a suitable BOD/P ratio and enough VFA 

for effective EBPR. EBPR is used during the warm period, supplemented by chemical 

precipitation during the cold period (Lehtoranta et al., 2021).  

According to the environmental permit requirements of the plant, the effluent quality 

meets the discharge standards specified in Table 4. The total N removal efficiency should 

be at least 70%, calculated as an annual average. Other effluent water quality 

parameters shall be calculated as quarterly averages. The process flow chart for 

Huittinen WWTP is presented in Figure 10, and a more detailed description is explained 

in subsequent chapters. 
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Table 4. The discharge standards for effluent at the Huittinen WWTP (Lignell, 
2013) 

 

 

 

 

 

 

 

 

Figure 10 Process flow chart of Huittinen WWTP with water quality sampling points 
for monitoring and control, and PIX dosing locations ( Modified from Pitkäjärvi, 2020) 

 

4.2 Dimensions of the main structures of the WWTP 

The data regarding the dimensions of the main structures were sourced from the process 

design plan report. Huittinen WWTP has 3 parallel bioreactor tanks and each bioreactor 

tank is divided into 6 compartments (C1-C6), as shown in Figure 11. The water depth in 

the bioreactor is 4 m and the total volume of each bioreactor is 2000 m3. Except for C4 

and C5, all other compartments are equipped with a mixer (Lignell, 2013). The specific 

dimensions of each bioreactor are listed in Table 5.  

 

Parameters Maximum concentration 

(mg/L)  

Minimum percentage of reduction 

(%) 

CODcr 60 90 

BOD7 ATU 15 95 

SS 15 95 

Ptot 0.3 95 

Ntot -- 70 



35 
 

 

 

Table 5. The volume of each compartment and its proportion of the total reactor 
volume (Lignell, 2013) 

 

 

 

 

 

There are 2 rectangular secondary sedimentation tanks, each with a volume of 1850 m3 

and an average water depth of 3.7 m. There is also a circular secondary sedimentation 

tank with a volume of 2000 m3 and an average water depth of 3.4 m (Lignell, 2013). 

These data and information are primarily utilized for calculating and analyzing the 

operational parameters related to EBPR. 

4.3 The operational modes of bioreactors 

The operation strategy of the bioreactor tank at the Huittinen WWTP is similar to that of 

the Pihlajaniemi WWTP. Based on the concentration of ammonia-nitrogen in the effluent, 

the functions of some compartments are adjusted to provide various alternative 

operational modes throughout the year. The main operating modes are shown in Figure 

11. During the analysis period, the actual status of compartments C1 to C5 was 

determined by analyzing the DO of the aeration tank. Since C6 is not equipped with an 

online DO detector, obtaining the actual operating time of the third mode is not feasible. 

Therefore, the second and third modes are combined for analysis. Consequently, mode 

4 can be classified as the winter mode, modes 2 and 3 as the summer mode, and mode 

1 as the transitional mode. 

Parameters Unit C1 C2 C3 C4 C5 C6 

Volume m3 250 375 375 400 400 200 

Volume  proportion % 12.5 18.8 18.8 20.0 20.0 10.0 

Mixer pcs 1 1 1 0 0 1 
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Figure 11 The main alternative operational modes of bioreactors at Huittinen WWTP 
throughout the year 

 

4.4 Water quantity and quality data 

The actual population equivalent of the Huittinen WWTP in 2020 was 44,300, but the 

plant also receives industrial wastewater from several food processing plants, and thus 

the design population equivalent is 74,000 (Kiviharju, 2021). The design average flow 

rate of this plant is 11,500 m3/d and the design peak flow rate is 30,000 m3/d (Lignell, 

2013). 

The water quantity data is obtained from online flow meters installed at different 

locations, with the values exported as daily cumulative flow rates. There are 9 influent 

pipelines, each equipped with an online flow meter. At the outlet, there is also an online 

flow meter to measure the total effluent flow at the outlet as the actual daily treatment 

flow rate. During snowmelt and rainy seasons, when the flow increases significantly, part 

of the influent bypasses the AS process after preliminary treatment and goes directly to 

the tertiary treatment stage. To accurately analyze the changes in organic load on the 

bioreactors, the treatment flow will be calculated based on the actual flow entering the 

bioreactors. The variations in flow can reflect seasonal changes, analyze influent 

characteristics, and determine the impact of bypass strategy on the stability of P removal 

efficiency. 

Water quality data is crucial for assessing treatment effectiveness. Samples for water 

quality analysis were collected every 2 weeks using automatic samplers, which 

aggregate samples continuously over 24 hours for mandatory checks. Sampling points 
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include influent water quality, as well as after the primary sedimentation tank (S2), after 

the secondary sedimentation tank (S3), and at the effluent (S4), as shown in Figure 10, 

each equipped with its own automatic sampler. Samples were analyzed in the laboratory 

according to standard methods. The influent water quality sampling points are set in 4 

different inlet pipelines: Huittinen, Punkalaidun, Saarioinen, and Sastamala, and the total 

influent water quality parameter analyzed in this study is denoted as S1. The overall 

influent water quality can be determined, as well as the removal efficiency of various 

pollutants during preliminary treatment, AS process, and tertiary treatment. In the effluent 

samples, some values are given as ranges, such as <15 mg/L. For the purpose of 

calculating the average, these values are treated as 15 mg/L. Therefore, the actual 

quarterly average concentrations are lower than the calculated values.  

Wastewater from one of the food factories first flows into the equalization tank. It is then 

pumped into the process at night when organic loading rates are lower. The purpose of 

this is to reduce large fluctuations in the concentration of organics in the influent. 

(Pitkäjärvi, 2020) Therefore, the overall influent concentration calculated based on the 

four different inlet pipelines is different from the actual influent concentration entering the 

pretreatment processes. To this end, the removal efficiency of the primary treatment 

process is estimated by calculating the sample average of S1 and S2. Additionally, the 

impact of the water quality at S2 (i.e., the primary effluent) on the subsequent EBRP 

treatment efficiency is analyzed. The removal efficiency of different pollutants by EBPR 

was obtained by comparing the water quality parameters of S2 and S3 in this case. 

The water temperature data were recorded in the effluent samples, but some of them 

were missing. After comparison, the online water temperature records of the third 

bioreactor tank were used as the basis for analysis. Although influent water quality and 

temperature are uncontrollable factors, analyzing them can reveal their impact on EBPR 

efficiency at Huittinen WWTP  and verify the conclusions of theoretical studies. 

4.5 Operational parameters 

Based on the theoretical background analysis, the most critical adjustable operational 

parameters affecting EBPR efficiency are SRT, HRT and MLSS. Directly measurable 

operational parameters are collected from online instruments installed at various 

locations, primarily including daily averages or daily cumulative values of key operational 

parameters in the primary clarifier, bioreactor, and secondary clarifier. These operational 

parameters are used for calculating parameters such as SRT and HRT, which cannot be 

directly measured.  
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SRT is controlled by adjusting the flow of waste sludge, while HRT is regulated by 

controlling the overflow rate. During the biological reaction process, the HRT of aerobic, 

anaerobic, and anoxic processes can be controlled by increasing or decreasing the 

compartments of the aeration zones. The proportions of each stage can be calculated 

based on the dimensions of the structures, and the results can be compared with other 

cases. Additionally, the sludge load in bioreactors, also known as F/M (von Sperling et 

al., 2020), can be calculated by the formula 

ி

ெ
=

ொ×஼

௏×ெ௅ௌௌ
  ,                                                                                                                (1)                                   

where Q is the flow rate flow into the bioreactor (m3/d),  and C means the influent nutrient 

concentration to the bioreactor, usually COD or BOD (g/m3) is used here. The V is the 

volume of the bioreactor (m3), and the MLSS is the mixed liquor suspended solids in the 

bioreactor (g/m3). The F/M ratio has many effects on the AS process and can be adjusted 

by controlling the MLSS in the bioreactors. These operating parameters are then 

combined with water quality parameters to assess their correlation with treatment 

effectiveness. Furthermore, they are utilized for comparative analysis with other 

successful cases. 

At the Huittinen WWTP, the chemical used for P removal is ferric sulphate (PIX), with the 

dosing points indicated in Figure 10. The dosing amount can be used to determine the 

periods where the effect is purely from biological P removal and to optimize the synergy 

between biological and chemical P removal. By analyzing the changes in  PIX usage, 

the performance of EBPR throughout the year can be indirectly reflected. The analysis 

of the dosage of PIX at dosing point 1 and the changes in water quality parameters of 

S1 and S2 can determine the impact of PIX on the pollutant removal efficiency of the 

primary treatment process. 

Due to the addition of PIX, it is challenging to accurately analyze the effect of EBPR on 

TP removal efficiency. The limited number of days without PIX addition, coupled with the 

large intervals and the small number of water quality samples, makes it difficult to find 

correlations if only selecting these days when the PIX dosage is below a certain value. 

Therefore, following the principle of controlling variables, the PIX dosage has been 

divided into three intervals: <10 L/h, 10-20 L/h, and >20 L/h. The operating modes of the 

bioreactor within these three intervals are relatively consistent. This approach increases 

the number of samples available, allowing for a more thorough analysis of the effect of 

controllable operating parameters on P removal efficiency. 

In addition, since the removal efficiency of N through the AS process is less affected by 

the amount of PIX added, it can be inferred that the overall N removal efficiency primarily 
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depends on the AS process. Therefore, by analyzing the relationship between total N 

removal efficiency and AS process operating parameters, strategies can be developed 

to enhance N removal under low-temperature environments with a short aerobic HRT, 

thereby extending the operation period of mode 2 or mode 3. 
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5. RESULTS AND DISCUSSION 

5.1 EBPR Performance at Huittinen WWTP 

During the analysis period of the Huittinen WWTP, the quarterly average effluent 

concentrations or removal efficiency of COD, BOD, total N, and TP  are listed in Table 6. 

The water quality of COD, BOD, and total N at sampling point 3 already met the effluent 

water quality standards. However, the TP concentration at sampling point 3 did not meet 

the discharge standards and required further removal through the tertiary treatment 

process. Additionally, it was observed that tertiary treatment can further reduce COD and 

BOD concentrations, but it does not significantly impact total nitrogen removal. The 

removal of total N primarily relies on biological processes, while effective P removal can 

be supplemented through chemical precipitation. According to PIX dosing records, there 

were only 56 days in the past two years with no PIX added, mostly between June and 

September, as shown in Figure 12. 

 

Table 6. The quarterly average effluent concentrations or removal efficiency of 
COD, BOD, total N, and TP at sampling points 3 (S3) and 4 (S4) 

 

 

 

 

 

 

 

 

 

 

 COD 

(mg/L) 

BOD 

(mg/L) 

Ntot percentage 

of reduction (%) 

Ptot 

(mg/L) 

S3 S4 S3 S4 S3 S4 S3 S4 

4.2022-6.2022 39.3 18.5 9.4 2.4 71.2 72.5 0.61 0.06 

7.2022-9.2022 56 23.5 12.1 1.9 84.3 88.3 1.36 0.18 

10.2022-12.2022 38.8 19.7 8.9 1.3 83.5 86.0 0.54 0.08 

1.2023-3.2023 40 18.2 11.3 1.7 71.6 74.3 0.55 0.07 

4.2023-6.2023 38 20.9 7.1 2.1 79.9 83.2 0.49 0.08 

7.2023-9.2023 42 27.3 8.9 2.9 83.9 86.0 0.72 0.36 

10.2023-12.2023 29.2 18.2 4.2 1.3 80.8 82.5 0.28 0.06 

1.2024-3.2024 31.2 20.0 7.1 2.0 71.8 72.2 0.25 0.05 
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Figure 12 During the analysis period, the dosage of PIX and the changes in the 
bioreactor's operating modes varied over time. 

 

Operational mode 4 of the bioreactor, as shown in Figure 11, can be considered as a 

winter mode that ensures the efficiency of biological N removal in low-temperature 

environments. Modes 2 and 3 can be considered as a summer mode that facilitate EBPR 

processes, while mode 1 serves as a transition period between the two. The number of 

operational days, average water temperature, and average PIX dosage for these 

different modes are shown in Table 7. It can be concluded that, although the combination 

of biological and chemical P removal can result in extremely low effluent TP 

concentrations (<0.02 mg/L), the potential of EBPR has not been fully realized. Summer 

mode operated for only one-third of the year (33.4%), while the winter mode ran for more 

than half the year (52.8%). During the winter mode operation period, the effectiveness 

of biological P removal was quite limited. Although the winter mode added four times the 

amount of PIX to meet the TP discharge standards compared with the summer mode, 

the actual TP in effluent was significantly lower than the standard. This indicates that PIX 

dosage could be reduced to lower chemical consumption costs. 
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Table 7. Water temperature, PIX dosing, and effluent TP concentration under 
different operating modes. 

 

5.2 Factors contributing to successful EBPR implementation  

5.2.1 Influent water quantity and quality 
The influent water flow rate and the amount of water entering the bioreactors during the 

analysis period are shown in Figure 13. The influent water flow fluctuated sharply during 

the autumn rainy season and the spring snowmelt season. Overflow was used to reduce 

the flow fluctuations entering the bioreactor, and prevent the increase of the hydraulic 

load rate of the bioreactor. Of all samples during the analysis period, only on August 29, 

2023,  the water quality and quantity showed significant irregularities. This anomaly was 

due to a surge in influent flow rate caused by rainfall. The TP removal efficiency on that 

day of the biological reactor was only 41%, while the average value of all samples was 

89.5%. Therefore, even with stable hydraulic loading in the bioreactor, excessively 

diluted influent significantly impacts the efficiency of EBPR. 

 

 

Figure 13 The annual change in the total treated wastewater flow rate and the 
actual flow rate entering the bioreactor. 

 

Operational 

mode 

 Operation days 

(d) and percentage 

of the year (%) 

Average 

temperature 

(°C) 

Average 

PIX dosage 

(L/h) 

TP concentration 

in effluent (mg/L) - 

Average (Range) 

4 386 (52.8) 7.40 22.2 0.061 (0.002-0.2) 

1 101 (13.8) 11.23 13.4 0.069 (0.048-0.11) 

2 and 3 244 (33.4) 14.75 5.4 0.22 (0.044-1.7) 
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By comparing the water quality parameters of S1 and S2, the removal efficiency of the 

primary treatment process for different pollutants can be determined, summarised in 

Table 8. It can be observed that the TP removal efficiency of the primary treatment 

process is lower than the design value. The design value is 50% while the actual sample 

average is only 22%. Although the actual concentration of VFA in S2 cannot be directly 

obtained, a low BOD/P ratio (25.2) can indirectly indicate a possible carbon source 

deficiency in the primary effluent, leading to a decline in the P removal efficiency of the 

EBPR process. Measures to ensure a high BOD/P ratio will be discussed further in the 

subsequent discussion. 

Table 8. Comparison of the removal efficiency of the primary treatment process  
and the load of primary effluent on the bioreactor: sample averages vs. design values 

 

5.2.2 PIX dosage 
The comparison results of PIX dosage at dosing point 1 (the pre-precipitation method) 

and its effect on reducing the loading of the primary treatment process on COD, BOD, 

total N, and TP are shown in Table 9 below. The results show that the addition of PIX 

has little effect on the reduction of loading of COD, BOD, and total N during the primary 

treatment process. For P removal, if there are no other ways to change the BOD/P ratio, 

pre-precipitation can reduce the P concentration in the primary effluent, thereby 

maintaining a higher BOD/P ratio, which is beneficial for the enrichment of PAO in the 

subsequent EBPR process. Furthermore, studies have shown that in chemical P 

removal, using the pre-precipitation method as the primary approach and the post-

precipitation method as a supplementary approach can reduce the total amount of PIX 

needed (Morling, 2019). When EBPR does not meet discharge standards, primarily 

adding PIX at dosing point 1 can reduce the P loading to the bioreactor and increase the 

BOD/P ratio. Analysis of the data when the PIX dosage was less than 10L/h during the 

analysis period, as illustrated in Figure 14 below, shows that with an increasing BOD/P 

ratio, the P removal efficiency of the bioreactor also improves. 

 Removal efficiency of the 

primary treatment process 

(%) 

Load of primary effluent on the 

bioreactor 

COD BOD Ntot Ptot BOD BOD/N BOD/P 

Design value -- 50 10 50 2700 kg/d 4.6 41.5 

Sample average 51 55 24 22 1396 kg/d 3.8 25.2 
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Table 9. The impact of pre-precipitation on reduction COD, BOD, TP, and total N 
loading during the primary treatment process. 

 

                        

Figure 14 Effect of BOD/P on phosphorus removal efficiency of the bioreactor when 
the PIX dosage is less than 10L/h. 

 

5.2.3 Temperature 
By comparing the temperature and the removal efficiency of total N in the effluent, it can 

be observed that even when mode 4 is applied, the aerobic zone percentage is expanded 

to the maximum value (87.5%) to ensure sufficient nitrification, the total N removal 

efficiency still shows a strong correlation with temperature as shown in Figure 15. Under 

low-temperature environments, the N removal efficiency remains below 70%. This 

indicates that under the current operational conditions, the N removal efficiency is still 

highly sensitive to temperature. Simply increasing the proportion of aerobic zones will 

not only fail to further improve the biological N removal efficiency, but will also limit the 

effect of biological P removal due to the reduction of HRT in the anaerobic zone. 

 

Parameters   Reduction loading of the primary treatment process (kg/d) 

PIX=0 PIX>10L/h Sample total average 

COD 31957  28993 28202 

BOD 1485 1474 1422 

Ntot 122 100 97 

Ptot  13 20 13.15 
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Figure 15 The total N removal efficiency varies with water temperature. 

 

According to the theoretical background, it can be concluded that temperature has no 

direct effect on EBPR efficiency. The same conclusion was drawn in this case as shown 

in Figure 16. There was no obvious correlation between temperature changes and EBPR 

TP removal efficiency within different PIX dosage ranges. 

 

 

  

Figure 16 Effect of temperature on TP removal efficiency at different PIX dosage 
ranges. (a) Total PIX dosage is less than 10L/h; (b) Total PIX dosage is 10-20 L/h; (c) 

Total PIX dosage is more than 20L/h. 

 



46 
 

Therefore, it can be considered that in a low-temperature environment, the indirect 

impact primarily involves compromises made to ensure a sufficient total N removal 

efficiency. These compromises include reducing the proportion of the anaerobic tank 

and, to ensure adequate nitrification, the excessive RAS introduces too much NOx into 

the anaerobic tank, affecting the enrichment of PAOs. Hence, the key to increasing the 

proportion of biological P removal in low-temperature environments is to achieve 

sufficient nitrification and denitrification with a smaller proportion of aerobic and anoxic 

tanks. 

5.2.4 Adjustable operational parameters 
The operating parameters of the Huittinen WWTP during the analysis period, the design 

values, and the operating parameters of other WWTPs in Northern Europe that have 

achieved stable EBPR performance in low-temperature environments are compared in 

Table 10 below. 
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Table 10. Comparison of some operating parameters of Huittinen, Pihlajaniemi and Groos WWTPs.  
 

WWTP 
Bioreactor compartment 
volume percentage (%) 

Internal 
recycle 

RAS T 
(°C) 

MLSS 
(mg/L) 

SRT 
(d) 

F/M 
(kgBOD/ 

kgMLSS.d) 

Reference 

A  D N 

Huittinen 

Model 4 0 12.5 87.5 

2.6 Qin 1.5 Qin 

7.6 4541 25.76 0.058 

-- 
Model 1 12.5 18.75 68.75 11 4690 24.35 0.053 
Model 2 12.5 37.5 50 

14 4229 25.18 0.058 
Model 3 12.5 37.5+10* 40 
Design 12.5 37.5 50 0.5-2 Qin 1.5 Qin 10 7000 14.1 0.064 

Pihlajaniemi  

0 0 100 0 

0.7-1.5 Qin 

<6 
6000-
10000 15-35 0.02-0.06 (Kiuru & Rautiainen, 1998) 

25 0 75 0 6-10 
12.5 12.5+12.5* 62.5 

0.7-1.5 Qin 
10-15 

25 25+12.5* 37.5 >15 

Croos  8.3 25 66.7 2-2.5 Qin 0.7 Qin 5-16 6000-
8000 

18.6             
(2.3-
49.4) 

-- 
(Ydstebø, Bilstad, & Barnard, 
2000; Ydstebø, Bilstad, & 
Kommedal, 2000) 

 *: Indicates the percentage of post-denitrification 
A: Anaerobic 
D: Denitrification 
N: Nitrification 
T: Temperature 
RAS: Returned activated sludge 
MLSS: Mixed liquor suspended solids 
SRT: Sludge retention time 
F/M: Food-to-microorganism 
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(1) MLSS and SRT: 

Compared to the Pihlajaniemi WWTP and Cross WWTP, the MLSS at Huittinen WWTP 

is significantly lower. At Huittinen WWTP, the sample average MLSS is 4461 mg/L with 

a standard deviation of 461 mg/L, indicating relatively consistent levels throughout the 

sampling period with only moderate variation. In contrast, both Pihlajaniemi WWTP and 

Cross WWTP maintained MLSS levels above 6000 mg/L. Too low MLSS may lead to an 

insufficient number of nitrifying bacteria needed to ensure complete nitrification in low-

temperature environments, thus requiring the extension of the HRT in the aerobic zone 

to ensure the sufficiency of the nitrification reaction. Based on the conclusions from 

theoretical background research, appropriately increasing the MLSS and SRT in the 

bioreactor in low-temperature environments is an effective measure to ensure sufficient 

nitrification. This can also reduce the HRT in the aerobic zone, providing more space for 

the anaerobic environment.  

Reducing the discharge of waste sludge is the most direct way to increase the MLSS. 

During the adjustment period, the SRT will increase, for instance, reducing the waste 

sludge discharge to 70% of its original amount would raise the SRT to 35, which is 

approximately the maximum for the Pihjalaniemi WWTP days (Kiuru & Rautiainen, 

1998). After reaching the target MLSS concentration, the discharge of waste sludge can 

be adjusted based on actual conditions to maintain a stable level of MLSS.  

(2) Waste sludge: 

Waste sludge in Huittinen WWTP is taken from the end of the bioreactor, this can ensure 

that the wasted MLSS remains in an aerobic or anoxic situation and prevent a second P 

release even if the SRT is increased and the P content in the MLSS rises. Prompt 

thickening and dewatering of the waste sludge can maximize the retention of P in the 

biological sludge, thereby effectively removing P from the system. Since the supernatant 

and other reject liquid from sludge treatment will return to the bioreactor, applying P 

recovery technology to the supernatant and other reject liquid in the future can reduce 

the P load on the bioreactor. This would significantly enhance the system's P removal 

efficiency, optimize the overall performance of EBPR, and contribute to environmental 

protection and resource reutilization. 

(3) Post-denitrification and sludge recycling: 

Under low-temperature environments (<10 °C) at the Pihlajaniemi wastewater treatment 

plant, internal sludge recycling was stopped to prevent NOx-rich MLSS from entering the 

anaerobic zone, with the secondary sedimentation tank serving as a post-denitrification 

unit. When the temperature exceeded 10 °C, the internal sludge recycling flow rate was 



49 
 

maintained at 0.7-1.5 times the influent flow to the bioreactor (Kiuru & Rautiainen, 1998). 

However, during the analysis period, the Huittinen WWTP maintained a consistently high 

internal sludge recycling flow rate, averaging 2.6 times the influent flow to the bioreactor. 

This likely led to excessive NOx entering the anaerobic zone, resulting in reduced EBPR 

efficiency. By contrast, in low-temperature environments, the Huittinen WWTP needs to 

reduce the internal sludge circulation flow rate. When the secondary sedimentation tank 

is used as a post-denitrification unit, a thicker sludge layer needs to be maintained, thus 

requiring a reduced RAS flow rate.  

5.3 Strategies for improvement and future directions at the 
Huittinen WWTP 

Based on the previous analysis, several implementable methods have been proposed in 

Figure 17, to gradually increase the proportion of biological P removal at Huittinen 

WWTP in low-temperature environments and reduce the consumption of PIX. 

The influent water quality and quantity characteristics of the Huittinen WWTP reflect the 

typical features of Nordic countries. The main challenge to the stability of the EBPR 

process is the impact of low temperatures in winter, which often necessitates sacrificing 

P removal functionality during the AS process to maintain N removal efficiency. 

Additionally, hydraulic load fluctuations caused by snowmelt in spring and heavy rainfall 

in autumn pose significant threats to the stable operation of the biological reactor. The 

current operational analysis indicates that the equalization tank and bioreactor bypass 

effectively mitigate these fluctuations. Therefore, as shown in the green dialogue box in 

Figure 17, it is recommended to continue with the current measures to stabilize the 

hydraulics and pollutant loads in the bioreactor. In the future, maintaining the sewage 

network to reduce rainwater infiltration is also a feasible approach. 

Short-term adjustment measures mainly focus on overcoming the challenges brought by 

low temperatures. The primary target is to increase the MLSS in the bioreactor and 

reduce the impact of NOx in the return sludge to the anaerobic tank. Specific adjustment 

measures include those highlighted in the red dialogue box in Figure 17, such as 

gradually reducing waste sludge discharge and carefully controlling the flow rate of 

internal recycle. In winter, when the secondary sedimentation tank also functions for 

post-denitrification, the internal recycle flow can be minimized. Compared to Pihlajaniemi 

WWTP, Huittinen WWTP currently has only half the MLSS. Since higher MLSS levels 

(>8000 mg/L) are required during winter, this measure needs to be implemented in 

advance during the summer to ensure that MLSS reaches the desired level when water 

temperatures drop. The summer water temperatures and influent conditions also favor 
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the proliferation of various microorganisms. However, it is essential first to calibrate the 

MLSS online instruments and measure the sludge settling properties during the 

adjustment period, such as SVI or DSVI values, to prevent filamentous sludge bulking or 

the washout of sludge from the secondary sedimentation tank. Throughout the 

adjustment period, it is also crucial to closely monitor water quality changes. At the same 

time, with the change of MLSS, it is also necessary to adjust the aeration volume of the 

aerobic tank in time. Generally, higher MLSS requires increased aeration to maintain 

sufficient DO in aerobic tanks. In addition, during periods when PIX needs to be added, 

the primary focus should be on pre-precipitation, with post-precipitation as a 

supplementary method. Furthermore, P concentration in the final effluent needs to be 

monitored to minimize the dosage of PIX.  

P removal is ultimately achieved through waste sludge. However, the P release 

phenomenon during sludge treatment can negatively impact P removal efficiency. In the 

future, as a long-term adjustment measure, as shown in the purple dialogue box in Figure 

17, P recovery technologies can be employed to precipitate P from the supernatant and 

other reject liquid. By recovering P, it can be reused, thus generating economic value. 

Other long-term adjustment strategies aim to increase the concentration of VFA in the 

primary effluent, as has been done in other WWTPs in Nordic countries. However, these 

strategies require certain modifications to the existing structure, such as implementing 

an internal sludge circulation system in the primary sedimentation tank (Jönsson et al., 

1996) or considering a partial bypass of the primary sedimentation tank when the influent 

is diluted. This ensures sufficient BOD is retained for the bioreactor. Additionally, the use 

of sidestream EBPR for return sludge hydrolysis can be considered, as many plants have 

comprehensively tested sidestream EBPR and confirmed that this process reduces 

dependence on influent carbon source variations (Vollertsen et al., 2006). Nevertheless, 

it is necessary to validate the effectiveness of these measures with on-site tests. 

Due to the complexity of actual conditions and the EBPR mechanism, the adjustment 

process should be gradual, and water quality changes should be closely monitored. In 

addition to routine monitoring of key parameters such as DO, pH, temperature, and 

MLSS, it is also essential to observe nitrification, denitrification, the P release 

effectiveness, and the sludge settling performance (SVI or DSVI). Based on real-time 

monitoring data, process parameters, and operating conditions should be adjusted 

gradually, and emergency plans should be developed to address any unforeseen 

circumstances.
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Figure 17 Adjustment measures for controllable operational parameters in different treatment units at Huittinen WWTP: current (green), 
short-term (red), and long-term strategies (purple) 
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6. CONCLUSIONS 

This study explored effective measures for improving biological P removal efficiency 

when applying EBPR under low-temperature environments, by drawing insights from 

literature analysis and integrating them with an analysis of operational parameters of the 

Huittinen WWTP, alongside comparisons with other successful cases in Nordic countries. 

Through theoretical background research and case analysis, it was found that 

temperature does not directly affect the efficiency of biological P removal. When applying 

EBPR to meet both N and P removal requirements, denitrifying bacteria are more 

sensitive to temperature. Compromises are made to ensure an adequate total N removal 

efficiency during EBPR processes. These compromises include reducing the proportion 

of anaerobic tanks, increasing the HRT of aerobic tanks and increasing the RAS to 

ensure sufficient denitrification, all of which can decrease the efficiency of EBPR in P 

removal, thereby necessitating the use of chemical precipitation as a P removal 

measure, which leads to an increase in the consumption of PIX. 

Achieving stable EBPR year-round at the Huittinen WWTP is challenging. However, the 

research conducted in this thesis demonstrates that with certain adjustment measures, 

it is possible to increase biological P removal while maintaining N removal efficiency. 

These measures include: (1) currently implemented strategies, such as addressing 

uncontrollable fluctuations in influent water quality and quantity. It is essential to continue 

using equalization tanks and bypasses to stabilize hydraulic loads and prevent sludge 

washout from the secondary sedimentation tanks; (2) short-term adjustment measures, 

which mainly focus on achievable measures aimed at improving nitrification efficiency in 

low-temperature environments. This can be accomplished by maximizing the MLSS in 

the bioreactor, which reduces the proportion of aerobic tanks and creates more space 

for biological P removal. Additionally, controlling the internal recycle and return sludge 

will help maintain a deep anaerobic environment in the anaerobic tanks. Using secondary 

sedimentation tanks as post-denitrification tanks can further promote denitrification. 

During the adjustment process, it is crucial to closely monitor changes in water quality 

and sludge settling performance; (3) Long-term adjustment measures include 

implementing a P recovery process during sludge treatment to further remove P from the 

system, as well as increasing the  VFA content in the primary effluent through techniques 

such as sidestream EBPR or hydrolysis of primary sludge. 
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Although low temperatures impact EBPR both directly and indirectly, they also provide 

advantages such as improved sludge settling and reduced secondary phosphorus 

release. However, the complexity of microbial mechanisms and the influence of 

uncontrollable factors must be carefully considered when selecting and refining 

adjustment strategies. Future studies should focus on understanding these microbial 

mechanisms and implementing comprehensive monitoring. By applying a series of 

adjustment measures, the performance of EBPR in low-temperature environments can 

be improved, leading to reduced PIX usage and increased sustainability in wastewater 

treatment. 
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