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Abstract 
Treated sewage sludge is often reused as a fertilizer but several European countries are phasing out 

this option due to concerns about harmful substances in the sludge. Valuables in the sludge should still 

be recycled so the removal of the pollutants is necessary. The technology in sewage sludge treatment 

remained nearly unchanged in the past century. Adapting traditional treatments and combining them 

with upcoming ones can be a way to separate substances in sewage sludge. This work discusses 

examples of how treatment methods can be combined and which potential these treatment 

combinations may have. New tools for system analyses need to be developed to allow the integration 

and adaption of treatments into existing infrastructure. 
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Introduction   
Sewage sludge is the end-product of wastewater treatment. It contains all the valuables in the 

wastewater, such as nutrients like phosphorus, nitrogen, and potassium but also valuable metals and 

organic matter, but all contaminants are contained as well, for example heavy metals, pathogens and 

persistent organic pollutants. With improving sanitation, the amounts of sewage sludge grew. Today 

more than 25 MtDS/year of sewage sludge are produced worldwide (Mateo-Sagasta et al., 2015). In 

the European Union, the average amounts per capita are 18 kgDS/year with some variation across 

countries due to different stages in development of sanitation (Eurostat, 2016). As one country in the 

EU with well-developed sanitation systems, Sweden produces about 200 000 tDS/year of sewage 

sludge (Eurostat, 2016). The majority of the sewage sludge in the world but also in the EU and Sweden 

is used in agriculture as a fertilizer (52% in EU, 39% in Sweden) (Eurostat, 2015; LeBlanc et al., 2008; 

Myhr & Dimberg, 2018). The usage in agriculture utilizes some of the valuables contained in the sludge 

but also distributes its pollutants. Whereas on a worldwide perspective, the agricultural usage of 

sewage sludge is increasing, agricultural usage in Sweden is seen as highly controversial, since different 

stakeholders focus either on the value of nutrients contained in the sludge or the risk associated with 

the pollutants (Holmgren et al., 2020; LeBlanc et al., 2008). The latest government inquiry aimed for a 

total ban on agricultural usage and followed the argumentation of stakeholders that focused mainly 

on the risk by pollutants in the sludge (Government Offices of Sweden, 2018). Due to the strong 

objection of other stakeholders, the inquiry had no clear outcome and the implantation into new 

legislation in Sweden was postponed (Burgman & Wallsten, 2021) 

Although sewage sludge management is often perceived as a technical problem, the controversial 

government inquiry and the interest of different stakeholders show that only a part of the problem is 

technical. The multitude of interests in sewage sludge can be seen in the fact that sewage sludge 

management is part of several United Nations Sustainable Development Goals (SDG). Both SDG2 (Zero 

Hunger) and SDG12 (Sustainable Production and Consumption) aim for developments towards circular 

economy and sustainable usage of resources, especially in agriculture and food production (THE 17 

GOALS | Sustainable Development, 2015). Using the valuable nutrients contained in sewage sludge can 

help achieving these goals. But sewage sludge management can also be seen as a key part of SDG6 

(Clean Water and Sanitation), since sewage sludge is the end-product of the sanitation process and its 

responsible management is necessary to keep clean water as a resource (THE 17 GOALS | Sustainable 

Development, 2015). Finally, energy recovery from sewage sludge can play a role in achieving SDG7 

(Affordable and Clean Energy) (THE 17 GOALS | Sustainable Development, 2015). 

The variety of SDGs related to sewage sludge management, the circular economy development and 

the variety of substances contained in sewage sludge demonstrate that sewage sludge management 

is already today a task involving several disciplines (Lipińska, 2018). To achieve all SDGs and more 

sustainability in sewage sludge management at the same time, it is necessary that the involved 

disciplines work together, and interdisciplinary approaches with systems perspectives are applied 

(McCormick et al., 2016; Murray et al., 2017). 
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Combining different treatments can be seen as one form of interdisciplinary approach, as certain 

treatment methods often belong traditionally to a certain discipline. These traditions are one reason 

for the existence of so-called regimes in waste management. Regimes in waste management are 

defined as groups of stakeholders having a certain determination of the value or risk of a waste and 

therefore perceiving the waste differently (Gille, 2010). The regimes can differ between different 

regions and times (Gille, 2010). Combining treatments needs collaboration between the disciplines and 

can help to overcome the regimes. Often even stakeholders are affected by the changes of combined 

treatments and therefore need to be involved. 

Objectives 

The objective of this work is to answer the following research questions: 

How can existing sludge treatment methods be adapted and combined with other methods? 

Which potential do these new combinations have and how can they increase the sustainability of 

sewage sludge management? 

Which challenges need to be addressed when treatment methods are combined? 

The focus is thereby on upgrades of and adaptions to anaerobic digestion treatments and possibilities 

and roles of upcoming hydrothermal carbonisation (HTC) treatments.   
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Sewage sludge management (background) 

Aspects of Sewage Sludge related Legislation and its Impact on Agricultural 

Usage 

Sewage sludge contains a manifold of valuables and pollutants, which makes it difficult to define which 

substances should be given the highest importance when using the sludge in agriculture. Regarding 

the pollutants, heavy metals have traditionally been of highest concern. An EU directive on agricultural 

usage with suggested limit values for heavy metals in sewage has existed since 1986 and was 

implemented by most of the member states in the following 20 years (Paper I; eco logic & Institute for 

European Environmental Policy, 2009). In recent years organic pollutants got into focus but the 

development and implementation of limit values varies a lot between different countries. A reason for 

that is the variety of organic contaminants but furthermore the more complex analytical quantification 

(Paper I; Aparicio et al., 2009). Regarding the valuables, the focus is mainly on phosphorus, since it is a 

limited resource which cannot be substituted, and the EU is dependent on imports. Apart from 

phosphorus, sewage sludge contains other valuable substances for agricultural usage (e.g. potassium, 

nitrogen, micro-nutrients, organic matter). The strict focus of policy makers on phosphorus is arguable 

with regard to circular economy, since it might impede solutions that recover other valuables or holistic 

solutions recovering several valuables at the same time (Harder et al., 2019).  

Table 1 shows the average concentrations of selected heavy metals, organic pollutants, and valuables 

in Swedish sewage sludge and proposed limit values from the Swedish Environmental Protection 

Agency for the use of sewage sludge in agriculture. The limit values that are in force in Sweden, are 

not based on the concentrations of contaminants in the sludge but rather limit the quantity of 

contaminants to be applied to agricultural soil. These values are also included in Table 1 as well as the 

suggested limit values of the European Union.  
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Table 1: Average concentrations of certain valuables and pollutants in Swedish sewage sludge as well as proposed and valid 
limit values for its agricultural usage. Note that limit values in force are given in a different unit and therefore not directly 
comparable 

Substance 

Average 

concentrations 

2018 Sweden 

[mg/kg DS] 

(Myhr & 

Dimberg, 2018) 

Proposed limit values for agricultural 

usage 2015/2023/2030 [mg/kg DS] 

(Bergqvist et al., 2013) 

Limit 

values in 

force in 

Sweden 

[g/ha*year] 

(Naturvårds

verket, 

1994) 

Suggested 

limit values 

by EU 

[g/ha*year] 

(Council of 

the 

European 

Union, 

1986) 

  2015 2023 2030   

Phosphorus 26500    
  

Nitrogen 45934    
  

Ag  5 4 3   

Cd 0.7 1 0.9 0.8 0.75 150 

Cr 22.1 60 45 35 40  

Cu 335.3 600 550 475 300 12000 

Hg 0.5 1 0.8 0.6 1.5 100 

Ni 16.8 40 35 30 25 3000 

Pb 16.2 35 30 25 25 15000 

Zn 562.5 800 750 700 600 30000 

Nonylphenol 4.3    
  

PAH 0.63    
  

PCB 0.02 0.06 0.05 0.04   

Dioxine  20 15 10   

PFOS  0.07 0.05 0.02   

Chlorinated 

paraffins  4 3 2 

  

BDE-209  0.7 0.5 0.5   

 

The average concentrations of contaminants in sewage sludge allow its agricultural usage even with 

future proposed limit values. The limit values in force allow the usage of even higher contaminated 

sludges in low amounts (Paper I).  This might be a reason that agricultural usage is the most common 

disposal route for sewage sludge in Sweden and its share is growing (Myhr & Dimberg, 2018). The 

practice is supported by long term experiments which show no accumulation (Gruvberger et al., 2021) 

Yet, the discussion about agricultural usage of sewage sludge is going on, and the last governmental 

inquiry aimed for a total ban of sewage sludge usage in agriculture to reduce the risk of spreading new 

contaminants and to aim for a transition towards a “non-toxic environment” (Government Offices of 

Sweden, 2018). 
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Debate on the Agricultural Usage of Sewage Sludge in Sweden 

The Swedish government inquiry, with the intention of banning the agricultural usage of sewage 

sludge, revealed controversial opinions on sewage sludge usage and phosphorus and nutrient 

recycling. Burgman & Wallsten (2021) analysed replies to the government inquiry and identified 

different categories, based on each stakeholder’s opinion on how phosphorus should be recirculated 

in society. Whereas farmers and wastewater treatment plant operators focused on a ‘metabolic 

relation’, which focused on connecting consumption and production of food, private companies 

focused on phosphorus for geopolitical and food safety reasons (Burgman & Wallsten, 2021). Other 

stakeholders saw the purity or the marketability of the recovered phosphorus as their main concern 

and a fifth group focused on phosphorus in combination with other nutrients in the sludge (Burgman 

& Wallsten, 2021). Due to the discrepancies, the government inquiry did not result in any new 

legislation so far and current legislation is still based on the first directive from 1994 with minor 

updates in 1998 and 2001 (Naturvårdsverket, 1994; Naturvårdsverket, 1998). 

Although the legal situation in Sweden and on EU-level will not change in the near future (Hukari et 

al., 2016), some European countries like Germany or the Netherlands aim for nutrient recovery without 

circulating the pollutants (Paper I; Hukari et al., 2016). This aim was one of the major drivers for 

updating the German legislation in 2017 (Paper I; Verordnung Zur Neuordnung Der 

Klärschlammverwertung, 2017). The controversies between stakeholders made clear that finding a 

solution that fits to all scenarios and stakeholder’s needs, will be difficult. Site-specific evaluations, 

involving all stakeholders, is one prerequisite to overcome these difficulties. 

Treatment Methods and Treatment Systems Today 

Sewage sludge can be treated in several ways. Anaerobic digestion and incineration are common 

treatment methods and will be described below. In addition to that, hydrothermal treatment will be 

described as a promising method for future sewage sludge treatment. Finally, some commonly used 

treatment systems are outlined. 

Anaerobic Digestion 

Anaerobic digestion is the most common treatment method for sewage sludge in Europe (Kelessidis & 

Stasinakis, 2012). During anaerobic digestion, microorganisms break down organic compounds in the 

absence of oxygen and produce biogas, a mix of methane, carbon dioxide and traces of other gases 

(e.g. hydrogen sulphide). The biogas can be utilized for energy purposes, normally involving some form 

of gas cleaning step. Next to the energy recovery, anaerobic digestion stabilizes the sewage sludge, 

destroys pathogens in the sludge and reduces the sludge volume by 30-50% (Gebreeyessus & Jenicek, 

2016). 

Anaerobic digestion treatments can be operated at different temperatures, most common are 

mesophilic (about 35 °C) or thermophilic (about 55 °C) conditions. Thermophilic treatments generally 

have shorter retention times and due to that smaller reactor volumes, a higher gas yield and they 

destroy more pathogens. Mesophilic treatments demand less heating energy and have a higher 
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process stability (Gebreeyessus & Jenicek, 2016). Neither mesophilic nor thermophilic treatments are 

suitable to fully destroy pharmaceuticals or organic contaminants like PAHs (Davidsson et al., 2014) 

The fate of heavy metals in anaerobic digestion depends on the process conditions. Normally, heavy 

metals end up in the solid phase of the digestate. This facilitates the cleaning of the supernatant but 

also decreases the toxicity for the microorganisms as the heavy metals are kept in an insoluble form 

(Perry L. McCarty, 1964) 

Anaerobic digestion has been used for more than a century without fundamental changes (Abbasi et 

al., 2012). Changes or upgrades to the process have been suggested during several decades but were 

seldomly implemented in large scale. Such changes could be dividing the process into several steps at 

optimal conditions as described for example by Lagerkvist (1991; 1993). Another option for upgrading 

the process could be co-digestion with other substrates that can help to increase the microbial activity 

and biogas yield but also increase the quality of the digestate as described by Bauer, Pelkonen et al. 

(Paper II). 

Incineration 

Incineration as a sludge treatment method is growing, especially in countries that phase out 

agricultural usage like Germany or the Netherlands (Paper I). Incinerating the sludge achieves 

degradation of nearly all organic matter. In case mono-incineration is used, phosphorus can be 

recovered from the ashes but so far this technology is seldomly applied at large scale (Schnell et al., 

2020). If sewage sludge is incinerated with other fuels (co-incineration), phosphorus recovery is only 

feasible if the fuel mix is carefully designed beforehand with other fuels containing phosphorus or with 

fuels that facilitate phosphorus recovery (Häggström, 2020). In nearly all cases, energy intensive 

dewatering and drying is required before sewage sludge can be incinerated (Schnell et al., 2020). Apart 

from incineration, gasification and pyrolysis can be used for thermochemical sewage sludge treatment. 

But so far these treatments are seldomly applied at larger scale (Schnell et al., 2020). Incineration, 

gasification, and pyrolysis can be seen as options for final treatment of sewage sludge, which will only 

be briefly discussed in this work. 

Hydrothermal Treatment 

Hydrothermal treatments (HTT) combine the two intensity factors temperature and pressure and are 

used to treat substrates containing more than 75% water. HTT are no new processes and were 

described already in 1913 (Bergius, 1913). In recent years HTT got into focus again as a thermal 

treatment for waste streams with high-water contents since the process does not require drying.  At 

lower process temperatures and pressures, the organic matter in the substrate gets broken down into 

charcoal-like carbon compounds (hydrochar). With higher temperatures and pressures, oils or gas 

products can be formed from the organic matter (Tekin et al., 2014). Typical process temperatures, 

pressures, and residence times for the different HTT are shown in Table 2. Here hydrothermal 

carbonisation (HTC) will be focused on as the HTT with lowest process temperatures and pressures and 

thus needs least energy and has the lowest demands on reactor material and technical equipment. 
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Table 2: Typical temperatures, pressures, and residence times for the three types of hydrothermal treatments. Modified from 
(Reißmann et al., 2018) 

Type of HTT Temp. range (°C) Pressure range (bar) Typic. residence time (s) 

HT Carbonisation 160 - 250 10 - 30 60 - 7200 

HT Liquification 180 - 400 40 - 200 10 - 240 

HT Gasification >350 230 - 400 <10 

 

HTC is often seen as an alternative to incineration (Schnell et al., 2020), yet by looking at the properties 

of the HTC products, especially the hydrochar, it becomes clear, that HTC cannot replace incineration. 

All three products of HTC need further treatment before they can be disposed. This means that HTC 

cannot be used as a standalone treatment but needs to be combined with other treatments to reach 

its full potential and make it compliant to legal demands (Blöhse, 2017; Schnell et al., 2020).  

The high-water content and the high organic matter content in the solids of sewage sludge make sludge 

a suitable substrate for HTC. After treatment, the sewage sludge has an improved dewaterability, is 

sanitized (pathogens and other microorganisms are destroyed) and the resulting hydrochar can be 

used as a fuel (Escala et al., 2013; Wang et al., 2019). Apart from this, HTC can degrade organic 

pollutants in the sludge (Silva Thomsen et al., 2020; Zhan et al., 2020). Current research looks deeper 

into the chemical processes occurring during HTC and the influences of process parameters on the 

distribution of substances into the solid, liquid, and gaseous end-products of HTC (Paper III; Wang et 

al., 2019). Some basic influences on and pathways for the mass distribution are given below. 

Mass Distribution during HTC into the Solid, Liquid and Gaseous Phase  

Preliminary results by Bauer & Lagerkvist (Paper III) show how solids in sewage sludge become 

distributed into the hydrochar and process liquor during HTC lab scale experiments on fresh sewage 

sludge. 5-35% of the ingoing solids are transferred to the liquid and gas phase during HTC, depending 

on retention time and treatment temperature. The findings show clearly that a temperature increase 

of about 20 °C can solubilize about 7% more solids, which otherwise could be achieved by four times 

longer retention time. Other studies showed comparable results and can be expressed by Ruyter’s 

coalification model (Danso-Boateng et al., 2015; Ruyter, 1982; Wang et al., 2019).  

According to several studies, heavy metals from the sewage sludge are usually found in the hydrochar 

after HTC treatments (Blöhse, 2017; Escala et al., 2013). A similar behaviour was observed for 

phosphorus (Blöhse, 2017; Escala et al., 2013). In contrast to that, nitrogen is distributed into 

hydrochar and process liquor in about equal parts (Blöhse, 2017; Escala et al., 2013). Sodium and 

potassium salts are dissolved during the HTC treatment and are therefore mainly transferred to the 

process liquor (about 80%) (Escala et al., 2013). Sulphur mainly remains in the hydrochar (Blöhse, 

2017). 

The addition of acid to the sewage sludge can change the distribution of some elements. At pH <2.5 

phosphorus is dissolved during HTC and due to this, mainly transferred to the process liquor (Blöhse, 

2017; Shettigondahalli Ekanthalu et al., 2021). A similar behaviour can be seen for some heavy metals 
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e.g. Pb (Blöhse, 2017). Apart from affecting the distribution of elements, acid addition lowers the 

heating value of the hydrochar (Shettigondahalli Ekanthalu et al., 2021). 

The main constituents in the process liquor are organic acids and other organic compounds like alkenes 

and phenolic and aromatic compounds (Danso-Boateng et al., 2015). Several studies showed that the 

process liquor has a high salinity (Escala et al., 2013; Wang et al., 2019). In general, the composition of 

the process liquor is highly dependent on the input sludge and the process conditions during HTC 

treatment (Danso-Boateng et al., 2015; Wang et al., 2019). 

The third and by mass smallest phase during HTC is the gaseous phase. It contains mainly carbon 

dioxide (>95%) and various trace gases like carbon monoxide, methane, hydrogen sulphide, ammonia, 

and nitrogen oxides (Blöhse, 2017; Danso-Boateng et al., 2015). 

Dewaterability 

Apart from the separation of substances through HTC, the dewaterability of the hydrochar is beneficial, 

especially when a hydrochar high in dry matter content is required, e.g. for incineration. Escala et al. 

(2013) showed that the dewaterability of hydrochar is clearly enhanced compared to the sewage 

sludge it was based on. In experiments combining centrifugation and pressing they achieved a DS 

content of 70% for the hydrochar, but only 30% DS for the sludge. This gives a potential for energy 

savings in later drying processes. Bauer & Lagerkvist (Paper III) achieved similar dewatering results 

using centrifugation only. The dewaterability was enhanced with increasing treatment intensity 

(increasing temperature and retention time). 

Treatment Systems 

Most of today’s sewage sludge in Europe is biologically stabilized and then reused in agriculture 

(Kelessidis & Stasinakis, 2012). The most common way for biological stabilization is anaerobic 

digestion. A common treatment system for this pathway is shown in Figure 1. In Sweden, the usage of 

treated sludge in landfill covers and for soil production are the most common disposal ways for sewage 

sludge after agricultural usage (Myhr & Dimberg, 2018). The treatment system shown in Figure 1 is 

similarly valid for these disposal ways. As a country with different climate zones and sparse population 

in the northern half, disposal, and agricultural usage of sewage sludge in Sweden require often 

transport over long distances, as agriculture or landfills might be several hundred kilometres away 

from sludge producers. 

Sewage sludge 
from WWTP

dewatered to 
~5% TS

Anaerobic 
digestion

Biogas

Mechanical 
dewatering to 

~20-30% TS

Transport & 
reuse in 

agriculture/
disposal

 

Figure 1: Typical treatment system for sewage sludge in Europe. 
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Figure 2 shows a common treatment system for countries applying incineration. In several of these 

cases transport is required before incineration as the incinerator is used in regional collaborations, 

which means that sludge from several surrounding wastewater treatment plants is treated in one 

facility. The two mono-incinerators in the Netherlands are an example of this (Ruijter, 2018) 

Sewage sludge 
from WWTP

dewatered to 
~5% TS

Anaerobic 
digestion

Biogas

Mechanical 
dewatering and 

drying to 
>60% TS

Incineration

Energy

Landfilling of 
ashes and air 

pollution control 
residues

 

Figure 2: Typical treatment system for sewage sludge with incineration. 

Table 3 gives an overview of the presented treatment methods and summarizes their main 

characteristics.    
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Discussion: Treatment Combinations 
Combinations of treatment methods can have advantages over single treatment methods, as they can 

help to fulfil more treatment goals simultaneously, which is demanded by new legislation and 

stakeholders. Combining different methods, side-products and energy surpluses can be utilized in 

other treatment steps as for example shown by Bauer, Pelkonen et al. (Paper II). Preferably, new 

treatment combinations should make use of the existing infrastructure. This includes transportation, 

energy, and disposal infrastructure as well as possible recipients of products from sewage sludge.  

Combinations with Anaerobic Digestion  

The fact that anaerobic digestion is the most used treatment method for sewage sludge opens up for 

combining existing anaerobic digestion treatment plants with additional treatments. Some possible 

combinations are described below. 

Pre-Treatments 

Various types of pre-treatments for anaerobic digestion have been tested (Ariunbaatar et al., 2014). 

Most of them aim to shorten the retention time during anaerobic digestion or increase the 

biodegradability of the substrate through solubilization of organic compounds (Carlsson et al., 2012). 

Others aim to sanitize the substrate, which can be beneficial for digestate quality but also necessary if 

only certain microorganisms should be involved in anaerobic digestion as for example in hydrogen 

production (Zhou et al., 2018). Despite their potential benefits, pre-treatments are seldomly used as 

they require additional energy and increase the overall process complexity (Ariunbaatar et al., 2014; 

Carlsson et al., 2012). 

Post-Treatments 

Post-treatments for anaerobic digestion often aim to stabilize the digestate. Most often composting is 

used to fulfil these demands but also non-biological treatments such as lime addition can stabilize the 

digestate (Mininni et al., 2015). Apart from this, post-treatments are applied to enhance the 

dewaterability of the sludge.  

Co-Digestion 

In co-digestion sewage sludge is digested together with other substrates. In regions with limited 

amounts of organic wastes or scarce waste infrastructure, co-digestion is an option to treat different 

types of organic waste simultaneously and thereby ensuring that the installed digestor capacity is used. 

Co-digestion influences the anaerobic digestion processes, which can be beneficial or challenging. 

Additional substrates can help to steer the process in desired ways. The co-substrate can for example 

add nutrients that the main substrate lacks and by that increase the biological activity or adjust other 

process parameters that increase the biogas or digestate quality (Paper II). It can be an effective way 

to steer the separation of substances in the sludge by co-digestion and to integrate other by-products 

or waste streams. On the other hand, substrates cannot be randomly composed and not all types and 
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amounts of waste streams are suitable for co-digestion with sewage sludge. Moreover, legislation 

prevents the mixing of different types of waste. 

Energetic Integration 

Anaerobic digestion offers various options for energetic integration with nearby industry or other 

processes of the wastewater and sewage sludge treatment. Some anaerobic digestion reactors, mainly 

thermophilic ones, require external heat that can be supplied by other processes like nearby power 

plants. But the biogas offers as well various options to supply other processes with energy. Depending 

on the utilization of biogas, this energy can be thermal or both thermal and electric energy. If none of 

these is needed, the biogas can be upgraded and utilized as a vehicle fuel or used in industry as an 

energy carrier or reagent for the synthesis of organic chemicals.  

Anaerobic Digestion in Treatment Systems 

Anaerobic digestion has played a key role in sewage sludge treatment in the past century and is still 

the most used treatment. The simplicity and robustness of the treatment for stabilizing the sludge and 

utilizing about half of its organic matter content in combination with the various options for utilization 

of the produced biogas will keep the process important in the future. The importance of biogas as a 

renewable energy carrier can be seen in the growing number of biogas plants for various substrates in 

Europe (Gas Infrastructure Europe & European Biogas Association, 2020)can help to integrate the 

process into future treatment systems and adapt the desired products for a more effective utilization. 

Combinations with Hydrothermal Carbonisation 

HTC offers possibilities to connect biological and thermal treatment methods. One example for a 

treatment system, where HTC fulfils this role, is shown in Figure 3.  
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Figure 3: Possible treatment system involving HTC. 

 

Combination of HTC with Anaerobic Digestion 

Anaerobic digestion as well as co-digestion could be suitable treatments for the process liquor and 

have successfully been tested (Blöhse, 2012, 2017). Anaerobic digestion plants, which could co-digest 

the process liquor, are already often found at wastewater treatment plants. Combinations of HTC and 

anaerobic digestion can help to further increase the energy recovery from sewage sludge as HTC can 

help to solubilize organic matter similar to thermal pre-treatments for anaerobic digestion. Apart from 

this, HTC could help to sanitize the digestate and replace other post-treatments for anaerobic digestion 

in this regard. This means HTC can serve both as a pre- and post-treatment for anaerobic digestion at 

the same time. 

Combination of HTC with Incineration 

The hydrochar can be used as a fuel and thereby replaces other fuels like coal, municipal solid waste, 

or biomass. Combusting hydrochar instead of fossil fuels can help reducing greenhouse gas emissions. 

Most promising is the enhanced dewaterability of the hydrochar in comparison to direct dewatering 

and drying of sewage sludge, which saves about 60% thermal energy and 65% electrical energy for 

dewatering and drying to 95% DS (Escala et al., 2013; Stucki et al., 2015). In combination with the 

capability of HTC to stabilize the sewage sludge by hygienization and volume reduction, HTC can be 

used to produce a fuel from sewage sludge that can be stored safely and transported efficiently. In 

countries like Sweden with remote municipalities without surrounding agriculture, HTC could offer 

possibilities for a sustainable sewage sludge treatment in these regions. This potential could be further 

exploited when the hydrochar is further treated in a facility that recovers valuables like phosphorus 
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from it, which could replace mineral phosphorus fertilizer (Gievers et al., 2019). This could be achieved 

if the hydrochar is incinerated in mono-incinerators for sewage sludge or hydrochar from sewage 

sludge. Since Sweden, with its small population, would only have enough sewage sludge for one or two 

mono-incinerators in the southern part of the country (Bagheri et al., 2021), HTC could play a major 

role in preparing the sewage sludge for transportation from regions in the northern part of the country. 

Other incinerators like waste incinerators could combust the hydrochar as well but the recovery of 

valuables apart from energy would be more difficult or impossible, if the fuel is not carefully composed 

before combustion (Häggström, 2020). Combustion in biomass incinerators could be another 

treatment option for the hydrochar but legal issues impede this option. Since hydrochar from sewage 

sludge is regarded as waste, it can only be treated in waste treatment facilities. Most biomass 

incinerators are not classified as waste treatment facilities and therefore not allowed to incinerate 

hydrochar from sewage sludge. 

Further Utilizations and Considerations for the HTC Products 

As described earlier, HTC generates three products or phases which can be used in various ways. The 

product of highest value is in most cases the hydrochar but also the process liquor and the gas phase 

can be used. If no use of the products is possible, they need to be treated before they can be released 

to the environment. 

Hydrochar 

Other applications for the hydrochar could be the use as a soil conditioner in agriculture, since it is high 

in organic matter, has an elevated phosphorus content and is free of pathogens. Although this 

approach is widely discussed in literature (e.g. Blöhse, 2017; Escala et al., 2013; Schnell et al., 2020), 

the heavy metal concentration, which is even higher than in the sludge itself, limits this way of usage. 

Especially if upcoming legislation puts further limitations on agricultural usage of sewage sludge, such 

as the new German directive, the direct application of hydrochar does not seem a suitable alternative. 

The usage of hydrochar as active carbon could face similar restrictions. Although the hydrochar is a 

porous material that could be suitable as filter material (Wang et al., 2019), the contamination with 

heavy metals from the sewage sludge probably limits this also this kind of application.  

Process Liquor 

The large variety of substances in the process liquor and the dependency of their occurrence on the 

process conditions make the treatment of the process liquor difficult. An alternative to anaerobic 

digestion is to treat the process liquor in the biological treatment system of the plant. Yet, the high 

salinity and non-biodegradable organic compounds could cause problems for the biological treatment 

of the process liquor, both in the biological wastewater treatments steps but also in anaerobic 

digestion plants. 

Another option is the recirculation of the process liquor, which helps to concentrate the contained 

substances but will not solve the problem itself. 
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More research on the substances in the process liquor, their biodegradability and how they are 

affected by the process conditions of HTC needs to be conducted to find suitable uses and treatments 

for the process liquor. 

Gas Phase 

The small amounts of gas and the high share of carbon dioxide make a utilization of the gas phase 

unlikely. But due to some of the potentially hazardous trace gases, the direct release of the gas phase 

may not be allowed. Additional gas cleaning would increase the total costs of HTC treatment plants. A 

simple treatment could be the addition of condensed gases to the process liquor but the effects on the 

process liquor need to be evaluated. 

Combinations with Incineration, Pyrolysis and Gasification 

High temperature thermochemical treatments offer opportunities for combinations with biological 

treatment methods and HTC. One major product is energy (thermal or electric) that can be utilized in 

other processes. Moreover, products like ashes, pyrolysis coal or syngas offer potential usages in other 

processes of the treatment system or nearby industry. The major drawbacks of high temperature 

thermochemical treatments are the destruction of some valuables during the treatment, the 

requirement for dry feedstock, and their complexity, mainly due to necessary flue gas cleaning, which 

makes small scale plants often unfeasible. Especially the two last named points make sewage sludge 

treatment more challenging as the sludge normally has a high water content and the amounts are 

often too small for a single thermochemical treatment plant (Bagheri et al., 2021). 

Complexity and Challenges of Treatment Combinations 

Treatment combinations bring higher costs and higher process complexity and often require larger 

amounts of sewage sludge to be economically feasible. One solution to this problem could be to 

centralize certain treatments (e.g. incineration) and use them in a regional collaboration. But these 

regional collaborations need to be carefully planned as the transport of energy and materials between 

the treatment steps can get expensive with increasing distance and the sustainability of the system 

can decrease for example due to energy losses or emissions from transport. But not only the distance 

between treatments plays a role. Characteristics of material and energy flows between treatments can 

increase or decrease costs and efficiency of the treatment system drastically. As different treatments 

have different products, by-products and waste streams, different stakeholders have interests in 

these. These stakeholders might come from different disciplines with their own economic, social, and 

environmental interests. The complexity increases further because most adaptions to anaerobic 

digestion as well as HTC have only seldomly been tested in full-scale and their effects on surrounding 

processes due to changes in energy and material flows are not fully clarified (Carlsson et al., 2012; 

Reißmann et al., 2018; Tekin et al., 2014; Wang et al., 2019). In the case of HTC, further understanding 

of effects of the process conditions on the separation into the three phases is necessary as well (Wang 

et al., 2019). Due to the pressures built up during HTC, HTC plants have high demands on material and 

equipment, which make the investment more costly and might require additional personnel for 

operation and maintenance (Blöhse, 2017). All these challenges will be even greater if other 
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hydrothermal treatments are used, as they require even higher pressures or temperatures (Table 2). 

Still, hydrothermal gasification is discussed in research and development as an alternative to HTC for 

sewage sludge treatment because the products of these processes have the potential to replace liquid 

and gaseous fossil fuels (Jafri et al., 2020). Nevertheless, large scale implementations of these 

hydrothermal treatments can be seen as even more challenging than large scale implementations of 

HTC. 

To overcome these challenges, collaboration between stakeholders is necessary. This includes 

technical stakeholders, who might be specialized on certain treatments but unaware of other parts of 

the treatment system. Interdisciplinary research can help to create a better understanding of the 

interests of stakeholders and how they can collaborate. One way for enhancing such a collaboration 

are industrial symbiosis frameworks which work on creating incentives on economic and 

administrative levels to increase the integration of material and energy flows between different 

processes and industries (Neves et al., 2020; Södergren & Palm, 2021). 

The Necessity of LCA as a Decision Support Tool 

To overcome the technical challenges of combining treatments and integrating their material and 

energy flows in a sustainable way, accurate evaluations of the whole treatment system are necessary. 

A way of performing such an evaluation, that is acknowledged in the European Waste Framework 

Directive, are lifecycle assessments (LCAs) (Directive 2008/98/EC (Waste Framework Directive), 2008). 

In the past decades LCAs for waste management systems were broadly used for environmental impact 

evaluations of different waste streams and scenarios and software and databanks for LCAs were 

developed further (Björklund et al., 2010). One reason for the popularity of LCAs in the waste 

management sector is the complexity of waste management systems and their close integration into 

other site-specific infrastructure and hence the near impossibility to predict and overlook all 

consequences (Laurent et al., 2014; Zamagni et al., 2012). This is especially the case for treatments like 

HTC, which connect treatment methods as shown in Figure 3 and have effects on the energy and 

material flows of the whole treatment system. Although HTC on various materials including sewage 

sludge has been evaluated by LCAs in certain scenarios (e.g. Benavente, Fullana, & Berge, 2017; Berge, 

Li, Flora, & Ro, 2015; Gievers et al., 2019), no LCA module for HTC on sewage sludge has been 

developed so far. A separate HTC module would have the advantage, that it could be easily integrated 

into different LCA scenarios and would facilitate a site-specific evaluation of treatment systems 

involving HTC. 
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Conclusions 
Anaerobic digestion offers various options for combinations with pre- and post-treatments and co-

digestion of other substrates. Furthermore, an integration of HTC with anaerobic digestion and/or 

incineration is possible.  

Lab and pilot scale tests show that combinations can help to solubilize more organic matter contained 

in the sewage sludge, and thereby can increase the biogas yield of anaerobic digestion. Furthermore, 

HTC has a potential to save about 60% of energy for dewatering and drying. If the hydrochar produced 

by HTC is used as a fuel, it can be handled in a safer and more sustainable way than sewage sludge, 

especially when intermediate storage and transport is required.  

The integration of treatment combinations is necessary from a technical but also from legal, social, 

and economic perspective, as the combinations affect the whole treatment system and the involved 

stakeholders. Interdisciplinary research can help to address several of the challenges of treatment and 

process integration. To overcome the challenge of complex technical integration and predict the 

effects of combined treatments on energy and material flows in the whole system, LCAs are seen as a 

valuable tool aiding in process integration and decision support. 
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ABSTRACT
The European Directive 86/278/EEC implemented in 1986 was a means adopted by 
the European Union to improve use of the valuables in sewage sludge by applying 
treated sludge on agricultural soils. To prevent an accumulation of pollutants, the 
Directive provided suggestions limiting concentrations of toxic elements in sewage 
sludge and agricultural soil. The Directive was implemented diversely throughout EU 
member states, with current national legislations only partly reflecting the initial in-
tentions of the EU Directive from 30 years ago. This study demonstrates how the 
European Directive was implemented in three countries currently at different stages 
of replacing the agricultural application of sewage sludge with incineration (Nether-
lands, Germany and Sweden). Additionally, recent changes in the legislation with re-
gards to the re-use and final disposal of sewage sludge in the three chosen member 
states are analysed. The aim was to investigate how each member state has solved 
the conflict between improvement of nutrient recovery from sludge and limitation of 
pollutants in agricultural soil. Based on this review, limit values are not necessarily 
reflected in application rates of sewage sludge in agriculture. Following changes in 
current legislation, phosphorus recovery will become a priority task. The recovery of 
other valuables from sewage sludge is currently not regulated in the legislation of the 
three member states investigated. 

1. INTRODUCTION
Sewage sludge is produced in wastewater treatment 

plants. The sludge acts concomitantly as a sink for pol-
lutants (toxic elements, organic contaminants, patho-
gens, residues of pharmaceuticals, micro plastic) and the 
stream, which accumulates organic matter and nutrients in 
the wastewater stream. In the EU-27, based on a 2005 cal-
culation, 9.8 MtDS/year of sewage sludge were produced 
(Kelessidis & Stasinakis, 2012). By 2020, the amount of 
sewage sludge was expected to exceed 13 MtDS/year in 
the EU-27 following implementation of the Urban Waste 
Water Treatment Directive in member states joining the EU 
subsequent to 2004 (Kelessidis & Stasinakis, 2012). Cur-
rently, the main method applied in the treatment of sewage 
sludge is anaerobic digestion, which makes use of approx. 
50% of the organic matter by producing biogas and partly 
addresses the issue of pollutants (Kelessidis & Stasinakis, 
2012). Following anaerobic digestion, the sewage sludge 
is disposed of or reused in a series of different ways. The 
main re-use route in the EU is application on agricultural 
soil (45% directly and 7% after composting of the produced 
sludge (LeBlanc, Matthews, & Richard, 2008)). However, 

although application on agricultural soil makes use of the 
nutrients contained in the sludge, it also diffuses the pol-
lutants. 

In addition to application on agricultural soil, the sludge 
can be reused in land reclamation or landfill covers. The 
most common disposal routes are incineration of dried 
sludge and landfilling. Marine disposal of sewage sludge 
was banned in EU in 1998 (Council of the European Com-
munities, 1991; Kelessidis & Stasinakis, 2012).

Re-use and disposal routes differ considerably across 
the EU, particularly as the EU-Directive 86/278/EEC issued 
in 1986 only provides guidelines relating to the re-use and 
final disposal of sewage sludge. Figure 1 and Figure 2 pro-
vide an overview of the total amounts per year and capita 
and the disposal routes for sewage sludge in selected EU 
countries.

The Netherlands, Germany and Sweden were chosen 
for this comparative study in view of their objective to 
minimise or abolish the use of sludge in agriculture whilst 
continuing to re-use the valuables contained in the sludge. 
Accordingly, legislation in these countries is required to 
identify solutions for the disposal or elimination of pollut-
ants, whilst allowing for re-use of valuables. This conflict 
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is examined herein. While the Netherlands progressed to 
an incineration-only strategy several years ago, Germany 
has also recently adhered to this trend and is currently 
reducing the share of land application in favour of incin-
eration. Although Figure 2 shows a different approach 
in Sweden, a change from application in agriculture to 
incineration is also being debated in Sweden. The large 
share of “other” in Sweden indicates the usage of sewage 
sludge in landfill covers, seen as a form of land reclama-
tion (Svinhufvud, 2017). For newer EU member countries 
such as Poland or Czechia, re-use and disposal routes dif-
fer widely with a focus on application in agriculture and 
landfilling. In the case of more recent EU-member states, 
it is unclear what the share of “other disposal route” rep-
resents (European Commission, 2004, 2017; Kelessidis & 
Stasinakis, 2012). 

The aim of this study was to highlight the differences 
manifested in implementation of the EU Directive 86/278/
EEC in the chosen member states. For this purpose, both 

EU-level and national legislation from certain member 
states was analysed. The main focus was on limit values 
for toxic elements, as established both in the EU Directive 
and by national legislation, with a view to investigating 
how these limit values rule out certain re-use and disposal 
routes. In addition, the existence of limit values for organic 
pollutants and changes in legislation in recent years were 
analysed to clarify how the selected member states were 
attempting to improve nutrient recovery without disposing 
of pollutants on agricultural soil. This study was limited 
to the member states listed previously: the Netherlands 
served as an example of an incineration-only strategy; Ger-
many was selected in the light of a recent (2017) change in 
legislation to promote a reduced application in agriculture 
and increased incineration in combination with phospho-
rus recovery. Finally, Sweden was chosen due to its reli-
ance on application in agriculture, although in the presence 
of an ongoing policy process aimed at prohibiting all appli-
cations in agriculture whilst continuing to undertake phos-

FIGURE 2: Share of each disposal route for sewage sludge in selected EU countries. Countries were selected based on the amount of 
sludge to be disposed of being at least 20,000 tDS/year and availability of data for either 2014 or 2015 (Eurostat, 2015).

FIGURE 1: Final disposal of sewage sludge in EU countries per year and capita. Countries were selected based on the amount of sludge to 
be disposed of being at least 20,000 tDS/year and availability of data for either 2014 or 2015 (Eurostat, 2015).
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phorus recovery (Government Offices of Sweden, 2018a). 
The aims were achieved by means of a literature review 

of scientific articles, reports from authorities and legisla-
tion (laws and directives). The literature covers legislation 
enforced at both EU level as well as in each chosen mem-
ber state. Table 1 provides an overview of the legislation 
assessed. 

2. BACKGROUND AND LIMITATIONS
This study focussed on limit values and future strate-

gies for the recovery of phosphorus from sludge. Although 
limit values represent a minor part of the legislation system, 
they form the core of the legislation, with disposal strate-
gies being expressed in limit values in many countries. The 
phosphorus recovery strategies implemented in the cho-
sen member states share the common features whereby 
applications in agriculture are no longer envisaged, but 
phosphorus is still recovered and reused. To achieve this, 
policy-makers develop long-term strategies which can no 
longer be expressed only in limit values. By analysing limit 
values and future phosphorus recovery strategies, assump-
tions relating to future sewage sludge re-use and disposal 
strategies in the member states can be made without the 
need to assess other parts of the legislation.

This paper did not take into account comparisons be-
tween the fertilising qualities of sludge, sludge based ferti-
lizers and other commercial fertilizers. Phosphorus recov-
ery was only addressed in terms of legislation strategies 
and no analysis of strategies focussing on circular phos-
phorus flows was conducted. Accordingly, no conclusions 
can be drawn with regard to the importance of phosphorus 
recovery strategies in, for example, a circular economy.

3. RESULTS & DISCUSSION
The legislation evaluated for the following chapter is 

shown in Table 1.

3.1 EU
The EU Directive 86/278/EEC dated June 1986 estab-

lishes rules and limits relating to the application of sewage 
sludge on agricultural soil for the purpose of recycling nu-
trients present in the sludge, but also limits the accumula-

tion of toxic elements in the soil. The Directive suggests 
that member states either set limits for concentrations of 
toxic elements in the sludge or set accumulation limits for 
toxic elements in the soil. Limit values for both cases can 
be found in the Directive, although member states may also 
opt to implement stricter regulations. In addition to limiting 
toxic elements, the Directive regulates the documentation 
of sludge usage as well as providing recommendations for 
nutrient needs of plants, quality of soil and sludge stabili-
zation (Brown, Tsiarta, Watson, & Hudson, 2015; Council of 
the European Union, 1986a).

According to Brown (2015) the Directive has been im-
plemented by all EU member states, with many setting 
stricter limits for concentrations of toxic elements in soil 
than the values suggested in the EU Directive (e.g. 20 mem-
ber states have stricter values for Cd). An even higher num-
ber of member states have set more restrictive values for 
concentrations of toxic elements present in sludge used in 
agriculture (Kelessidis & Stasinakis, 2012). In contrast, the 
frequencies for soil testing vary considerably and have not 
been fully implemented in several member states (Brown 
et al., 2015). 

3.2 Netherlands
In the Netherlands, the application of sewage sludge 

to agricultural soils had already been regulated prior to the 
introduction of the EU-Directive. In 1995, the EU-Directive 
was implemented into national legislation (Ruijter, 2018), 
and the limit values for toxic elements in soil were lower 
than values suggested in the EU-Directive. Even stricter 
values were implemented for concentrations of toxic ele-
ments in sludge (Zn, Cr, and Hg more than 10 times lower 
than in EU-Directive) (Brown et al., 2015). Since the values 
were much more restrictive than limit values established 
for other organic-based fertilizers, application in agricul-
ture of sewage sludge became virtually impossible. Moreo-
ver, landfilling was also ruled out by setting the limit for to-
tal organic carbon in landfillable sludges below 5% (Ehlert 
et al., 2013). Limit values for organic contaminants were 
not implemented (Ehlert et al., 2013). As changes in local 
legislation were foreseeable, two mono-incinerators for 
sewage sludge were put into operation in 1993 and 1995 
(Ruijter, 2018). 

Country Legal documents Accessed via Content

EU EU-directive 86/278/EEC Council of the European Union (1986) 
and secondary literature: Brown (2015); 
Kelessidis & Stasinakis (2012); European 
Commission (2004, 2017)

Suggestions for limit values (soil, sludge, 
dosage), application rates, re-use and 
disposal routes

NL BOOM Decree and Fertiliser Decree incl. 
Implementation

Secondary literature: Brown (2015); Ehlert 
et al. (2013); de Boer et al. (2018); Ruijter 
(2018)

Limit values (soil, sludge), application rates

DE Sewage sludge ordinance (AbfKlärV) 2015 
and 2017; Fertilizer and Soil ordinance 
(DüMV and BBodSchV)

Bundesministerium für Umwelt (2015); 
Bundesregierung (2017c, 2017a, 2017b) 
and secondary literature: Brown (2015); van 
Aaken (2017)

Limit values (soil, sludge), application rates, 
phosphorus recovery strategy, sludge han-
dling and transport

SE Directives of Swedish environmental pro-
tection agency: SNFS 1994:2; SNFS 1998:4; 
SNFS 2001:5 
Committee directive Dir. 2018:67

Government Offices of Sweden (2018); 
Naturvårdsverket (1994, 1998, 2001) and 
secondary literature: Brown (2015); Oberg & 
Mason-Renton (2018)

Limit values (soil, sludge dosage), applica-
tion rates (by sludge dosage)

TABLE 1: Overview of the legislative documents examined and specification of the literature it was accessed through.
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Today the two mono-incinerators treat 50% of the sew-
age sludge produced in the Netherlands. The rest is co-in-
cinerated in bio-energy plants, cement production, munic-
ipal solid waste incinerators and in a German coal power 
plant. Phosphorus removal from wastewater has been 
mandatory in the Netherlands since 1995 (Ruijter, 2018). 
Phosphorus recovery from ash is tested in the mono-in-
cinerators. In addition, phosphorus recovery by formation 
of struvite in the wastewater treatment process is tested. 
The regulations for fertilizers in the Netherlands have a 
category for recovered phosphorus, making it easier for 
recovered phosphorus to enter the market. Since 2015, 
the Netherlands have legislated on phosphorus recovery, 
although this has proved difficult to implement (de Boer, 
Romeo-Hall, Rooimans, & Slootweg, 2018).

3.3 Germany
In Germany, the EU-Directive was implemented through 

the sewage sludge ordinance in 1992. The limits in the or-
dinance for concentrations of toxic elements in soil and 
sludge were stricter in some parts than the limit values 
suggested by the EU-Directive. In addition, limit values for 
organic contaminants (polychlorinated biphenyls (PCB)) 
and maximum amounts for application of sludge on ag-
ricultural soil were implemented (Brown et al., 2015; Bun-
desministerium für Umwelt, 2015; Council of the European 
Union, 1986a).

The German sewage sludge ordinance was updated in 
2017. The limits for toxic elements in the soil were aligned 
with the federal soil protection ordinance and toxic element 
limits for sludge were matched with those of the fertilizer 
ordinance. Sludge limits remained as in the previous sew-
age sludge ordinance. Additionally, the mixing of sludges 
or ashes from sludge incineration was limited and docu-
mentation requirements for sludge production, transport, 
incineration and disposal were intensified. The average 
sewage sludge in Germany continues to meet the new toxic 
element limits for agricultural use. In addition to the adap-
tion of limits, a strategy for phosphorus recovery was intro-
duced: from 2029 onwards, wastewater treatment plants 
with a capacity of more than 100.000 inhabitant equiva-
lents phosphorus recovery will be mandatory if the sludge 
contains more than 20 g phosphorus per kg of sludge dry 
matter. For these treatment plants, application in agricul-
ture of sludge will be forbidden from 2029 onwards. From 
2032, these regulations will also apply for plants with a 
capacity of more than 50.000 inhabitant equivalent units. 
Smaller plants will not be required to recover phosphorus 
from sludge. Furthermore, the ordinance does not specify 
use of any particular technology or method for phosphorus 
recovery (Bundesministerium für Umwelt, 2017; Bundesre-
gierung, 2017a, 2017b; van Aaken, 2017a).

3.4 Sweden
In Sweden, the EU-Directive was implemented in 1994 

(Naturvårdsverket, 1994), and subsequent amendments 
made in 1998 and 2001 (Naturvårdsverket, 1998, 2001a). 
These amendments also addressed changes to the limit 
values of toxic elements relating to use of sewage sludge 
in agriculture. The Swedish legislation includes toxic ele-

ment limits for both soil and applied sludge. In contrast to 
the legislation enforced in the Netherlands and Germany, 
the toxic element content of the sludge is not regulated, but 
rather the quantity of toxic elements to be applied to agri-
cultural soil is limited; this implies that highly contaminated 
sludges may be applied in low dosages.

It should also be highlighted how following recommen-
dation by the Swedish farmers’ association that members 
cease all agricultural application in 1999 (Bengtsson & 
Tillman, 2004), a voluntary certification, REVAQ, was estab-
lished, which included stricter limit values (Malmqvist, Kär-
rman, & Rydhagen, 2006). This form of limitation beyond 
state regulation represents the expression of a more delib-
erative mode of governing sewage sludge management, as 
seen in Sweden (Oberg & Mason-Renton, 2018).

The Swedish government and environmental protection 
agency has been working to develop phosphorus recovery 
strategies, stricter limit values for toxic elements and new 
limits for organic contaminants since 2012 (Bergqvist et 
al., 2013; Svinhufvud, 2017). Currently, the aim is to set up 
a new regulation for sewage sludge disposal banning the 
usage of sewage sludge on land, including agriculture, al-
though allowing for phosphorus recovery (Government Of-
fices of Sweden, 2018b). These goals are similar to those 
of the new German ordinance, which will likely serve as a 
template for the future Swedish ordinance.

3.5 Comparisons
In the Netherlands, the average sewage sludge in 2012 

was characterised by lower concentrations of toxic el-
ements for all seven toxic elements tested than average 
sludges in Germany or Sweden (Brown et al., 2015). Swed-
ish and German sludges are comparable in their average 
concentrations of toxic elements (Brown et al., 2015), 
whilst sludges in the Netherlands do not meet the limits for 
application in agriculture.

 Table 2 shows a comparison of limit values for toxic 
elements present in sludge. In the Netherlands, the limit 
values for toxic elements were approx. 5-10 times stricter 
than values established in Germany (1992 ordinance), as 
shown in Figure 3. Even following introduction of the new 
German ordinance in 2017, limit values in the Netherlands 
remain considerably stricter for the majority of toxic ele-
ments compared to German values. When comparing the 
dose of toxic elements on agricultural soil (given as mass 
flows of toxic elements per area), Sweden and the Nether-
lands have comparable values, with Swedish values being 
more restrictive in part. The German values for dosage of 
toxic elements are approx. 15 times higher. Although Swe-
den and the Netherlands adhere to similar dosage limits, 
sewage sludge may still be applied to agricultural soil in 
Sweden since limit values only relate to the dosage of toxic 
elements (mass flow of toxic elements to the soil), and not 
to the total concentrations of toxic elements in the sludge. 

All values throughout the three countries were at least 
10-fold, at times up to 100-fold, lower than values sug-
gested in the EU-Directive. In the Netherlands this was 
due to the fact that both accumulation of toxic elements 
in the soil and pollution of water bodies must be prevented 
(Ehlert et al., 2013). All toxic elements applied to the soil 
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should be taken up by crops, resulting in no accumulation 
in the soil (Ehlert et al., 2013). Even for toxic elements that 
are not taken up by crops, accumulation should not exceed 
1 % over a 100-year time frame (Ehlert et al., 2013).

Table 3 shows the maximum allowable concentrations 
of toxic elements in soil for application of sewage sludge in 
agriculture. Conversely to sludge dosage values, limits for 
soil are in the same range for all three countries and in line 
with recommendations of the EU-Directive.

Since Germany is the only country of the three to have 
implemented limit values for organic contaminants (PCB), 
no comparison is possible. Although the EU included lim-
it values for organic contaminants in their draft for a new 
sewage sludge directive in the year 2000, and the Swed-
ish environmental protection agency provided suggestions 
for limit values on organic contaminants in 2012, neither 
Sweden nor the Netherlands have implemented these 
(Bergqvist et al., 2013; European Union, 2000). One reason 
for this might be that the detection of organic contami-
nants is more complicated than for toxic elements (Apa-
ricio, Santos, & Alonso, 2009). Moreover, an investigation 
conducted by the European Commission reported that 
organic contaminants (dioxins, PCBs, PAHs, TBT) should 
not be included in routine sewage sludge monitoring. The 
reason for this is that only very low quantities of organic 
contaminants are present in sewage sludge and have a low 
water solubility, thus making health problems due to leach-
ing or plant uptake unlikely, particularly when compared to 
toxic elements (Langenkamp, Part, Erhardt, & Prüeß, 2001). 
On the contrary, the report indeed suggests limit values for 
detergents (linear alkylbenzene sulphonates) for environ-
mental reasons, ensuring the use of only aerobically and 
anaerobically degradable detergents (Langenkamp et al., 
2001).

In all three countries, landfilling has been banned as 
an option for sewage sludge disposal. In the Netherlands 
and Germany, this has been achieved by allowing solely 
disposal of sludges with a TOC of less than 5 %. In Swe-
den, landfilling of organic waste is forbidden in general. In 

EU NL DE (2017) SE (2001)

Cd 150 2.5 2.5 0.75

Cr 150 40

Cu 12,000 150 1503 300

Hg 100 1.5 1.7 1.5

Ni 3,000 60 134 25

Pb 15,000 200 251 25

Zn 30,000 600 6,680 600

As 30 67

Cr (VI) 3.3

TABLE 2: Maximum allowed amounts of toxic elements in sewage 
sludge which are to be applied to agricultural soil. Values for NL 
and DE are calculated by multiplication of limit concentrations for 
toxic elements in sewage sludge with maximum yearly dosage. 
All values are given in grams per hectare and year (g/(ha*year)). 
(Brown et al., 2015; Bundesministerium für Umwelt, 2015, 2017; 
Bundesregierung, 2017a, 2017b; Council of the European Union, 
1986a; Ehlert et al., 2013; Naturvårdsverket, 2001a).

FIGURE 3: Graphical presentation of limits for concentrations of toxic elements given in Table 2 to emphasise the magnitude of differenc-
es. Note that the y-axis is in logarithmic scale.

EU 
min.

EU 
max. NL

DE 
(2017) 

min.

DE 
(2017) 
max.

SE

Cd 1 3 0.8 0.4 1.5 0.4

Cr 100 30 100 60

Cu 50 140 36 20 60 60

Hg 1 1.5 0.3 0.1 1 0.3

Ni 30 75 35 15 70 30

Pb 50 300 85 40 100 40

Zn 150 300 140 60 200 100

TABLE 3: Maximum allowed concentrations of toxic elements 
in agricultural soil to which sewage sludge is to be applied. Val-
ues for Germany are dependent on physical soil properties (min: 
sand; max: clayey soil). Values given in mg/kg dry matter. (Brown 
et al., 2015; Bundesministerium für Umwelt, 2015, 2017; Bundes-
regierung, 2017a, 2017b; Council of the European Union, 1986a; 
Ehlert et al., 2013; Naturvårdsverket, 2001a).
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contrast to Germany and the Netherlands however, Sweden 
allows the usage of sewage sludge in landfill covers. Ap-
proximately a quarter of all Swedish sludge is disposed of 
in this way (Svinhufvud, 2017). The issue however is raised 
as to whether this disposal route should be viewed as a 
form of landfilling.

A comparison of the Dutch and German legislation 
clearly reveals how the focus of German authorities is on 
nutrient recycling, with application in agriculture as a major 
disposal route for sewage sludge, whereas the Netherlands 
have concentrated mainly on the protection of surface wa-
ters from pollutants and uncontrolled nutrient flows. Al-
though the limits in the new German ordinance are more 
restrictive, application in agriculture is only partly ruled out, 
and most sewage sludges can still be used in agriculture. 
The main focus of the new ordinance is on aligning a se-
ries of German ordinances, placing more focus on docu-
mentation and testing and setting up a long term strategy 
for phosphorus recovery. As soon as the new phosphorus 
recovery strategy is in place (2029 resp. 2032) application 
in agriculture will be forbidden for plants to which the strat-
egy applies. 

In Sweden, the focus is directed towards keeping con-
tamination low by implementing limits as strict as the Neth-
erlands, although not ruling out land application of sewage 
sludge. Due to the strict limitations for application in ag-
riculture of sludge in Sweden, illegal or accidental over-
dosage of sewage sludge on agricultural soils may occur 
(Zachrisson, 2019). Since the possibility of sewage sludge 
application has been completely precluded in the Nether-
lands, overdosage is impossible and illegal applications 
are likely to be discovered. Germany may also be prone to 
illegal application or overdosage, however, due to the less 
strict limits for application on the one hand and limit values 
for sludge content rather than dosage on the other, illegal 
application or excessive dosage are less likely. In the ab-
sence of any official data, these considerations are main-
ly based on assumptions; they could however represent a 
field of interest for further research or policymaking.

A phosphorus recovery strategy is currently being de-
veloped in Sweden, with the German strategy acting, at 
least in part, as a guideline for the Swedish strategy. In 
Sweden, a total of 416 wastewater treatment plants are 
currently operational (André et al., 2016), most of which are 
relatively small in comparison to German plants, thus high-
lighting how collaborations in phosphorus recovery will be 
crucial. Since the new German ordinance establishes limi-
tations regulating collaborations, particularly when mixing 
different sludges or ashes, difficulties may be encountered 
in setting up these collaborations or regional networks. 
However, in the case of smaller wastewater treatment 
plants (<50.000 inhabitant equivalent units) collaboration 
in implementing complex phosphorus recovery methods 
will be crucial. The latter is clearly evident in the incinera-
tion strategy of the Netherlands: although the Netherlands 
have 330 wastewater treatment plants, two mono-inciner-
ators alone treat 50% of the produced sewage sludge. The 
implementation of phosphorus recovery strategies on the 
sites equipped with mono-incinerators is the most feasi-
ble means of nutrient recovery in the Netherlands (Ruijter, 

2018). In Germany, a total of 9500 wastewater treatment 
plants are currently in operation, 9000 of which treat less 
than 50.000 inhabitant equivalents each. The treatment ca-
pacity of these plants corresponds to 40% of Germany’s 
total wastewater treatment capacity (Durth, Kolvenbach, 
& Statistisches Bundesamt und DWA-Arbeitsgruppe KEK-
1.2 “Statistik,” 2014). The new phosphorus recovery strat-
egy does not affect these plants, although it does makes 
collaborations between plants more difficult. To promote 
phosphorus recovery by means other than in large plants 
and through application in agriculture, a series of techni-
cal and legal strategies should soon be introduced. These 
strategies should also consider the need for a combined or 
regional phosphorus recovery for the smaller plants. These 
innovations will of course imply a need for major adaptions 
to the German ordinance to ensure its suitability for use as 
a potential guideline for future legislation in Sweden. 

Data present in literature has underlined the difficulties 
encountered in the Netherlands in implementing a policy 
strategy for phosphorus recovery. However, several pilot 
scale tests for phosphorus recovery are currently being 
conducted at wastewater treatment plants and mono-in-
cinerators (Ruijter, 2018). 

Since May 2014, the European commission has includ-
ed phosphorus on the list of critical raw materials, leading 
to an increased focus on phosphorus recovery in some of 
the EU member states. In addition to phosphorus, sewage 
sludge also contains other valuables including potassium, 
nitrogen or metals. Since phosphorus recovery is not an in-
dicator for the recovery of other valuables, none of the leg-
islations examined is aimed at recovery of these valuables 
from sludge, thus implying that market demand will lead 
the potential extraction of other resources from sewage 
sludge. It is debatable whether a market demand for prod-
ucts obtained from sewage sludge may develop in the near 
future without a promoting legislation (Hukari, Hermann, 
& Nättorp, 2016). The potential recovery, not only of phos-
phorus, but also of other nutrients and energy from sludge 
could be achieved by combining thermal and biological 
treatments with the goal of separating different fractions 
from sewage sludge. This could simplify the subsequent 
extraction of nutrients and better address the issue of pol-
lutants. Due to the need however for a more concentrated 
technical effort, regional collaborations will prove crucial 
in setting up this type of extraction, together with other ad-
vanced sludge treatments. 

4. CONCLUSIONS
All three countries investigated adhered to different 

strategies when setting limits for sewage sludge applica-
tion on agricultural soils. Major differences are present in 
limit values for sewage sludge applied in agriculture – how-
ever, limit values for the presence of toxic elements in soils 
to which sewage sludge may be applied are comparable. 
The authors therefore question the utility of limit values 
in relation to health issues, particularly in view of other 
sources highlighting the minor role played by toxicology 
in the defining of limit values for sewage sludge (Ehlert et 
al., 2013; Langenkamp et al., 2001). Overall, all three coun-
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tries applied limit values as a tool to assist in steering the 
means of re-use and disposal of sewage sludge.

Although the Netherlands prohibited the application of 
sludge in agriculture more than 20 years ago, the average 
sludge in the Netherlands is still today less contaminated 
than average sludges in Sweden or Germany (Brown et al., 
2015). Future research should be aimed at investigating 
why and how the Netherlands have succeeded in achiev-
ing a lower pollutant load in sewage sludge, and the knowl-
edge exploited by other countries to reduce contamination 
of their sewage sludge.

In contrast to the Netherlands, Swedish ordinances 
permit the use of sewage sludge in low doses, providing 
for a system of voluntary deliberative certification; for this 
reason, application in agriculture is widely used. In con-
trast to the Netherlands and Germany, Sweden also uses 
large amounts (each approx. 25%) of the produced sewage 
sludge in landfill covers and soil production (Svinhufvud, 
2017). It is debatable however whether this process con-
stitutes re-use, as reported by the European Commission 
(2017), particularly with regard to nutrient recovery.

While the new German ordinance places particular 
emphasis on new methods of phosphorus recovery, it still 
leaves options open for the continued operations of small 
plants and use of lower grade sludges in the absence of 
phosphorus recovery after 2032. Indeed, application in ag-
riculture will continue to be permitted. In this case, the in-
tention of the policy makers is clear, although it may result 
in a loophole through which to bypass the new regulations 
(e.g. downgrading of sludges or downsizing of plants). It 
should be evaluated whether new rules for mixing of sludg-
es and products from sludges, as well as transportation of 
sludges, might limit collaborations focused on the treat-
ment of sewage sludge.

Despite the successful application of a series of tech-
nologies for use in phosphorus recovery, the legislative 
focus across the EU member states varies considerably 
(Abis, Calmano, & Kuchta, 2018; Tsybina & Wuensch, 2018; 
van Dijk, 2017). The performing of additional research 
in the field of nutrient recovery from sewage sludge and 
evaluation of potential related legislation will contribute 
towards setting clear goals and indicating a pathway to-
wards the establishing of an EU-wide Directive. To date, the 
EU has issued a series of working documents on which to 
base a new Directive to replace the acknowledged outdat-
ed 1986 Directive (European Commission, 2010; European 
Union, 2000). The working documents focus on the agri-
cultural usage of sewage sludge and new limit values, but 
not on phosphorus recovery (European Commission, 2010)

Lastly, it remains to be ascertained whether phospho-
rus should represent the sole resource to undergo recov-
ery from sewage sludge, particularly as the issue of other 
resources present in sewage sludge are not considered in 
any legislation implemented throughout the three coun-
tries examined.
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ABSTRACT
This study uses a new approach for the recycling of plant nutrients by co-digesting sewage sludge
with fly ash from a wood combustion. Sewage sludge and fly ash both are enriched with nutrients
of the wastewater resp. wood, which makes these products an enhanced source for recycled
fertilizers. The effects of the ash addition to the anaerobic digestion are studied in several lab
scale experiments including effects on the gas production and microbial activity. Following that,
the fertilizing qualities of the digestate are evaluated by plant growth experiments. The results
show that the fertilizing qualities of the digested sludge were improved by the ash addition.
Next to this, gas production results show that the methane production was not affected by the
ash addition, while the total gas release was reduced. The sulphur addition by the ash
stimulated sulphate reducing bacteria. The sulphate reducing bacteria did not markedly inhibit
the methanogens.
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1. Introduction

Althoughthere isnoactual limitation in resourcesofphos-
phorus andother plant nutrients, it becomesmore impor-
tant to recycle themdueto lacksof supplies in theEUanda
society focusing on a circular economy [1]. A source with
some nutrient content is wastewater. The concentration
reaches its maximum in the sewage sludge. Today more
than 25 million dry tons of sewage sludge are produced
every year [2]. There are several ways of disposing the
sewage sludge but only 25% of the nutrients are reused

in the EU, mostly by direct application on agricultural
soils of the sewage sludge [3]. One of the downsides of
direct application is that the fertilizing value of sewage
sludge ismuch lower than the fertilizingvalueof commer-
cial fertilizers. By combining sewage sludge with a fly ash
from a wood combustion and treating them together by
anaerobic digestion, the resulting sludge is expected to
have a better fertilizing value. This is measured in this
study by analysing the growth response of higher plants
to additions of the resulting sludge.
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Further goals of this study are to find out how the gas
production and biological activity are affected by the ash
addition. Since no comparable research was done
before, this project focuses on a preliminary investi-
gation on the process, with the aim to find advantages
and limits to show if the field of research could be inter-
esting for further projects and processes. Other pro-
blems of direct application of sewage sludge to
agricultural soils, like pathogen, heavy metal or micro
plastic contamination, were not part of this study.

2. Methods

2.1. Materials

The sludgewas taken from Luleå sewage treatment plant
in Sweden. The plant has an activated sludge treatment
with pre- and post-settling and a post nitrogen treatment
by using immobilized bacteria on plastic carriers. Two
different types of sludge are used in a mixture during the
experiments. The thickened sludge is a mix of primary
and secondary sludge entering the digester, which has
substrate and microbes as inoculum. To enhance the gas
production rate and to get faster results, thin sludge
from the outflow of the digester was added to the
thickened sludge as additional inoculum. Three sludge
samples were collected at different times to provide
fresh sludge to every experiment. The average totals
solids (TS), volatile solids (VS) and chemical oxygen
demand (COD) of both sludge types is given in Table 1.

Since ash properties depend on feedstock and process
conditions, the choice of the right ash can be crucial [4]. In
this project, a fly ash was chosen because fly ashes are
enriched in inorganic substances like fertilizing com-
pounds (e.g. K, P, S) but also inheavymetals [5]. In contrast
to that, bottom ashes mostly consist out of silicates.
Although most fly ashes still contain less than 5% P2O5,
some ashes from phosphorus rich feedstocks like
sewage sludge fly ashes can contain up to 30% P2O5 [6–
8]. The fly ash in this project comes from a wood residue
combustion at Dåva 2 incineration plant, located at the
city of Umeå, Sweden. The plant has a fluidized bed
reactor for production of electricity and district heat [9].
The content of fertilizing compounds as well as other
trace elements are shown in Table 2.

2.2. Initial screening tests

In the screening tests, different influencing factors of ash
additions to an anaerobic digestion were tested simul-
taneously. These included stirring, different ash
additions (0.4 and 1.0 gash/gVS) and additions of neutral-
ized ash leachate to measure the effect of trace elements
in the ash without pH and particle addition effect. The
leachate was produced in a batch leaching test with a
liquid to solid ratio of 5. The following neutralization
was done by addition of sulphuric acid. The overall
leaching procedure was performed according to [10].
The leachate was added to the experiments in
amounts which corresponded to the ash additions
(equivalent to 0.4 and 1.0 gash/gVS resulting in 2 and
5 mLNS/gVS). The additions with pH effect were chosen
with the goal to not exceed pH 9 to stimulate the acido-
genic bacteria but not inhibit methanogens totally [11].
Since the acidogenesis lowers the pH by formation of
organic acids, the methanogenic activity could be
restored after a couple of days. Next to a change in
pH, the ash also adds trace elements to the anaerobic
digestion. These trace elements can improve the bac-
terial growth in low amounts but also inhibit it in
higher amounts. For cations like Na+, K+, Ca2+ and Mg2
+ inhibition has been observed already when concen-
trations between 1000 and 3500 mg/l are reached [12].
For sulphides inhibition begins when concentrations
reach 200 mg/l [12]. All additions were chosen with
the goal not to exceed levels with likely inhibitions.
The overall procedure of the screening tests accords to
[13] with modifications.

The tests were made using septum flasks of 100 mL
volume in a heating cabinet at 35°C. To check the
effects of salinity an experiment with the sludge mix
and an addition of 14% NaCl in mass compared to VS
was set up. The amount of NaCl corresponds to the con-
ductivity of the experiments with the highest ash and
leachate addition. All experiments were performed in tri-
plicates with an additional control experiment without
ash or leachate addition. The gas production was
measured daily, the composition of the gas was analysed

Table 1. TS, VS and COD of the thickened and digested sludge
from Luleå sewage treatment plant from a sample taken after
performing the experiments.

TS [%] VS [%TS] COD [g/l]

Thickened sludge 3.5 76.8 39.3
Digested/thin sludge 2.8 63.4 23.4

Table 2. Elemental analysis of the used fly ash.
Major constituents Content [%TS] Trace elements Content [mg/kgTS]

SiO2 25.7 As 6.22
CaO 32.3 Cd 9.63
K2O 7.38 Cr 56.2
MgO 4.22 Cu 114
Na2O 1.43 Hg <0.01

P2O5 3.04 Ni 34.5
Pb 153
S 25,700

Zn 3280
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after one week of digestion by gas chromatography.
After 18 days, one flask of each experiment was
opened and the sludge/ash mixture was analysed (pH,
conductivity, TS and ash content resp. VS). After four
weeks, the rest of the flasks were opened and analysed
as before specified. Flasks with promising gas pro-
duction were chosen for elemental analyses. Next to
the elemental analyses fluorescence in situ hybridization
analyses of the micro flora were performed on a sample
of each experimental setting. Based on the screening
tests settings were chosen that were used to produce
samples for fertilizing tests.

2.3. Microbial analysis

Samples were diluted and then fixed with 3% parafor-
maldehyde overnight at +4°C. Then they were washed
three times with PBS (phosphate buffer saline 130 mM
NaCl, 10 mM Na2HPO4, pH 7.2) and stored in 50%
ethanol solution at −18°C until analysis. Before the
FISH (fluorescent in-situ hybridization) procedure
samples were additionally homogenized by passing
through a thin pipet tip (1–200 μL) 50–80 times. The
FISH procedure was performed according to Seviour
and Nielsen (2014) [14]. ARC915 was used as a general
probe for methanogens [15]. Additionally DAPI (4′,6-dia-
midino-2-phenylindole) dye was used to count total
number of microbes. Diaphot-300 epifluoresence micro-
scope (Nikon, Japan) with filter sets (Chroma Tech, USA)
was used with 1000× magnification.

2.4. Mass balances and production of fertilizer

To produce a larger amount of sludge/ash mixture as a
fertilizer for plant experiments, three flasks of 2 L
volume were set up with approx. 1 kg of sludge mix
each. To the sludge mix ash amounts of 0.4 gash/gVS
(experiment SAL) and 0.7 gash/gVS (experiment SAH)
were added. Experiment S was run without ash addition.
The experimental setup from the screening tests was
changed to the bigger flasks with attached gasbags.
The temperature in the heating cabinet was kept at
35°C, as in the screening tests. The gas composition
was measured once per week by gas chromatography.
The amount of gas was measured by emptying the gas
bags with a glass syringe after each week.

2.5. Plant growth experiments to evaluate
fertilizer

For the plant growth experiments the sludge was
thickened in a centrifuge to approx. 15% TS and the
clear phase was separated by decanting, since

dewatering is an important step in sludge treatment
according to [16]. Sand was used as a substrate for the
plants. The sand was mixed with the thickened sludge
in amounts of 2%, 4% and 6% sludge to sand mass.
Water was added in an amount of 20% water to sand
mass. Each pot contained approx. 500 g of sand/
sludge/water mix and four white beans as seeds. The
beans were kept 24 h in the refrigerator for vernalization
and 4 h in deionized water for the imbibition phase
before planting. All experiments were performed in tri-
plicates and for the three types of sludge. Water was
added every day by compensating the weight loss com-
pared to the beginning.

The plant experiments were evaluated by different cat-
egories after 32 days of growth, i.e. the number of sprouts
per pot, accumulated plant length per pot, plant weight
per pot, root weight per pot and leaf area per pot. All
data of the evaluation was analysed with the experimen-
tal design software MODDE 11.0.1 by Umetrics.

The amounts of sludge were chosen by measuring
the electrical conductivity of the sand/sludge/water
mix [17]. Since beans are showing fast results in
growing and are on the other hand sensitive to salinity,
they were chosen as plants for the test. A nutrient free
sand was used as substrate.

3. Results and discussion

3.1. Screening tests

The screening tests showed that high ash additions
(1.0 gash/gVS) will inhibit the methanogens totally. There-
fore further experiments were continued with ash
additions of 0.4 or 0.7 gash/gVS. It was also observed that
stirring had only a minor effect on the experiments,
which led to the conclusion to not apply stirring in later
experiments. The addition of leachate as a source for min-
erals or trace elements had no major effect on the exper-
iments, which also led to the conclusion not to add
leachate in later experiments. The small effect of the lea-
chate addition could have been caused by different
process conditions in the leaching procedure in compari-
son to the in situ nutrient mobilization conditions. The
anaerobic digestion experiments with addition of NaCl
showed similar gas productions like the control exper-
iments. This means that within the examined range of
ash additions, salinity (based on electric conductivity
measurement) was no limiting factor for the microbes.

3.2. Microbial activity and mass balances

The gas produced in the anaerobic digestions showed a
higher methane to carbon dioxide ratio (CH4/CO2) when
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the experiments had an ash addition, which was
expected due to the increased alkalinity. The average
CH4/CO2-ratios in the biogas are shown in Table 3. In
addition, the hydrogen sulphide concentrations in the
biogas were elevated in the ash added tests, which indi-
cates that sulphate-reducing bacteria were stimulated
by the sulphate contained in the added ash. Since the
methane to carbon dioxide ratio still increased, the alka-
linity elevation was over-riding the added carbon
dioxide release from sulphate reducing bacteria.

Sulphate is reduced to sulphide, which is present in
the liquid and gas phase as hydrogen sulphides (see
Table 3). At elevated concentrations, hydrogen sul-
phide can cause problems in the usage of the gas
and it may inhibit the methane production when con-
centrations in the liquid phase reach more than
150 mg/l of HS− [18]. Since methanogens and sulphate
reducing bacteria both use organic material as elec-
tron donor, they are competing. Since methane pro-
duction was not affected in the tested range (Figure

1), the concentrations of hydrogen sulphide did appar-
ently not inhibit the methanogens and the sulphate
reducing bacteria were not outcompeting the metha-
nogens. In conclusion, the overall degradation of
organic material seem to have increased due to the
action of sulphate reducers and methanogens in
combination.

The results of the gas compositions are also sup-
ported by fluorescent in situ hybridization (FISH) ana-
lyses. The analyses are based on material from the
screening tests and show a share of 15% methanogens
compared to the total number of microbes for the
control experiments and 21% methanogens compared
to the total microbes for experiments with an ash
addition of 0.4 gash/gVS. The total number of methano-
gens is about the same in experiments with or without
ash addition but the number of total microbes is lower
when ash was added. This shows that the ash addition
does not inhibit the methanogens over the whole dur-
ation of the experiments, since the FISH analyses were
performed at the end of the experiments.

For ash added experiments, the pH was elevated in
the beginning of the experiments. In the end of the
experiments, pH levels were comparable to the control
experiment and only slightly elevated. The elevated pH
levels in the beginning inhibited the methanogens and
led to a slower gas production. After approx. 3–5 days,
the gas production rate was comparable again to the
control experiments due to more suitable pH range for

Table 3. Gas analyses showing the methane to carbon dioxide
ratio and hydrogen sulphide content of produced biogas in
experiments with and without ash addition.
Experiment CH4/CO2 ratio H2S

Sludge without ash addition 2.0 0.0%
Sludge with 0.4 gash/gVS ash additiona 2.8 0.6%
Sludge with 0.7 gash/gVS ash addition 3.8 0.9%
aAlso includes results of initial screening tests with additional leachate
addition.

Figure 1. Accumulated methane production of the thickened sludge of two screening-test experiments as examples.
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methanogens (see Figure 1). On the other hand litera-
ture shows that elevated pH levels help to accelerate
the acidogenic fermentation and thereby stimulate the
production of volatile fatty acids [19]. The ash addition
also led to an elevated electric conductivity (EC)
through the course of testing. The elevated EC had no
effect on the microbes and the gas production, which
follows the results of the screening tests with NaCl
addition. The pH levels and EC measurements for the
major experiments are shown in Table 4.

The consumption of volatile solids (VS) in all exper-
iments corresponds to gas volumes similar to the
measured ones. For some experiments, the measured
gas amounts are smaller than the gas volumes calcu-
lated by mass balances but gas leakages were already
suspected during the experiments. The consumption
of VS is for all experiments comparable or slightly
better than the process of the wastewater treatment
plant where the sludge came from.

3.3. Fertilizer

The plant growth experiments were conducted by
using the sludge with different amounts of ash addition
in different amounts and evaluation was done with
support of multivariate data analyses. Difficulties
occurred due to the strong variation of the results
(especially sprouting). Despite the variation, the
results show that for all responses the dewatered
sludge with added ash (SAL and SAH) had better ferti-
lizing properties than the control (S). Thereby low
amounts of sludge addition to the growth medium
(2% sludge/sand mass) were more beneficial for plant
growth. Figure 2 shows a plot from MODDE. The bars
show how each factor influenced the average plant in
sprouting, plant length, plant weight, root weight and
leaf area.

The experimental data of the plant growth exper-
iments gives indications about the ongoing processes
during the anaerobic digestion and shows that carbon
dioxide was likely transformed to carbonate due to
the elevated pH by the ash addition. This makes it
likely that due to carbonate formation and elevated
pH more potassium phosphate forms instead of
calcium phosphate. Calcium and carbonate ions form
calcium carbonate, which precipitates and is nearly
insoluble at neutral pH-levels. The formed potassium
phosphate has a solubility of up to 200 g/100 gwater
[20], whereas calcium phosphate is insoluble in water.
This could increase the fertilizing value of the sewage

Table 4. pH levels and EC measurements at the beginning and
end of experiments with and without ash addition.

Experiment
pH

begin
pH
end

EC begin
[mS/cm]

EC end
[mS/cm]

Sludge without ash
addition

7.43 7.45 6.58 11.62

Sludge with 0.4 gash/gVS
ash addition

8.27 7.53 7.30 13.46

Sludge with 0.7 gash/gVS
ash addition

8.78 7.71 7.60 14.41

Figure 2. Normalized coefficients of MODDE, showing how different types of sludges affected plant growth.
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sludge, which is normally low due to a low water solu-
bility of phosphorus (1–38% of the contained phos-
phorus [21]). The pH dependant process follows the
following formula in elevated pH levels (formula
based on [22,23]):

CO2 + H2O��CO2−
3 + 2H+

Ca3(PO4)2 + 3CO2−
3 ��3Ca2+ + 2PO3−

4

+ 3CO2−
3 �� 3CaCO−

3 + 2PO3−
4

6K+ + 2PO3−
4 ��2K3PO4

Although the plant growth experiments show a clear
trend, these tests can only be seen as an initial study of
the fertilizing properties. The experiments were set up in
a way to produce clear results after only a month of plant
growth. The long-term impacts and other growth media
remains to be tested.

3.4. Outlook

The experiments showed a potential for the treatment of
the twowaste streams in combination, further studies are
necessary for a better understandingof theprocesses and
optimization. These should include the adaption of bio-
logical processes in the anaerobic digestion as well as
the formation of water-soluble phosphate compounds.
In addition, the choice of an ash, which is enriched with
desired nutrients and trace elements, can enhance the
process further and help designing a valuable final
product. More research should also be conducted on sep-
aration or immobilization of pollutants in the process.

4. Conclusions

The digestion experiments clearly show that the CO2

release to the gas phase is lower in the ash added exper-
iments in comparison to the control experiments,
whereas the methane production remains nearly
unchanged in all experiments. This is beneficial for gas
upgrading. A downside for gas upgrading processes is
the elevated hydrogen sulphide concentration in the
biogas of ash added experiments.

The pH, which is elevated in the beginning of ash
added experiments but nearly the same at the end of
all experiments, shows that the ash addition might
affect methanogens in the beginning of the process but
not in total. The salinity expressed as electric conductivity
was no limiting factor, in the tested ranges. Neither were
themethanogens affectedby parallel sulphate reduction.

The evaluation of the plant experiments show that
dewatered and digested sludge with ash additions has
better fertilizing properties than the dewatered and

digested sludge without ash additions, thus the fertiliz-
ing value of sewage sludge was improved by the ash
addition.

Applied in full scale the process could potentially
result in a positive resource balance, given that a suit-
able ash is available and THAT the fertilizing properties
can be used.
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ABSTRACT: As Sweden’s northernmost city, Kiruna has very particular demands for its sewage sludge 

treatment. This study tests hydrothermal carbonisation (HTC) as a treatment option for Kiruna to stabilize 

the sewage sludge, facilitate its transport by volume reduction and prepare the sludge for recovery of 

resources. The study consists out of an experimental part and a lifecycle assessment (LCA) development, 

which also gives options to use the results in other LCA scenarios incorporating HTC. Preliminary results 

show that HTC is a treatment that can fulfil Kiruna’s demands and that an optimization of the treatment’s 

settings can greatly increase the efficiency and effectiveness of the HTC treatment. 

Keywords: Sewage sludge management, hydrothermal carbonisation, lifecycle assessment, EASETECH 

1. INTRODUCTION 

Kiruna is Sweden’s northernmost city. The mining town has about 15 000 inhabitants in its urban centre 

and about five thousand more distributed over the municipality´s 20553 square kilometre surface, i.e. half 

the size of Denmark. The municipality is situated in arctic climate, and there is little farming within the 

area. The nearest biogas plant is about 310 km (road distance) away at the city of Boden. The local 

options for sludge use have already phased out or are being phased out at the moment. A local demand 

for energy or resources from the sludge is not existing. An upcoming treatment solution should therefore 

mostly focus on stabilizing the sludge and make it storable, as well as reducing its volume and thereby 

facilitate transport. Additionally, an upcoming treatment solution should ideally prepare the sludge for a 

further extraction of material resources or energy, which might be demanded by upcoming legislation. 

Hydrothermal carbonisation (HTC) is a promising candidate for a treatment solution that can fulfil the 

requirements. During HTC, the wet sludge is heated up in a closed vessel to temperatures above 130 °C. 

Due to pressure and temperature the sludge is hygenized and a hydrochar is formed. The hydrochar can 

then be separated from the process liquor using less energy than conventional sludge dewatering and 

drying (Escala, Zumbühl, Koller, Junge, & Krebs, 2013). Wang et al. (2019) defined 160-250 °C as a 

feasible temperature range to produce hydrochar that can be used for energy recovery and a process 

liquor that can be treated biologically.  

This study has the aim to test if Kiruna’s sewage sludge can be treated with HTC, find optimized 

settings for the treatment and evaluate the environmental impact of the treatment in comparison to other 

treatment options by utilizing a lifecycle assessment (LCA) approach. Although the study focuses on the 

demand of Kiruna, the results can also be utilized in other scenarios where HTC is an option for sewage 

sludge treatment. 
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2. METHOD 

The study consists out of an experimental part with HTC experiments in lab scale (see 0) and a second 

part where the experimental results are used to develop a lifecycle assessment model (see 0).  

2.1 Experiments 

In the HTC experiments it is systematically tested how variations of the factors treatment temperature, 

retention time and moisture content of the sludge affect the treatment of both fresh and intermediately 

stored sludge. By optimization of the factors, effective treatment conditions can be found. 

The HTC experiments were conducted in a MARS 5 microwave reaction system with 40 g of material 

in each vessel. All experiments were conducted in triplicates. Later experiments were conducted in a 

büchiglasuster novoclave autoclave reactor. These experiments were conducted with 80 g of material in 

each vessel and due to the higher volume not in triplicates. 

After the HTC treatment the samples were centrifuged in an Eppendorf 5804 lab centrifuge at 

10 000 rpm for 10 min. The process liquor and solid phase were separated by decanting and pH and 

electric conductivity determined in the process liquor. Subsequently, all samples were dried at 50 °C for 

one week to determine the total solids (TS). The low drying temperature was chosen to avoid evaporation 

of volatile fatty acids. Some samples were further analysed for their volatile solids (VS) content by heating 

them up to 550 °C for two hours. 

All experiments were planned and evaluated with help of the experimental design software Umetrics 

MODDE 12.1. The experimental design is a full factorial design with four factors which are shown in Table 

1. The experiments are conducted as a screening test to determine sweet spots and optimize the 

combination of the factors. For promising settings, further experiments with comprehensive analyses will 

be conducted. These analyses will include biomethane potential tests as well as elemental analyses on 

the process liquor. As well as elemental analyses and combustion experiments on the solid 

phase/hydrochar.  

Table 1. Factors used in the experimental design and their type and tested range. 

Factor Type Range 

Temperature of HTC treatment Quantitative 160-250 °C 
Retention time of HTC treatment Quantitative 30-120 min (+30 min heat up) 
TS content of ingoing sludge Quantitative 12-25% TS 
Type of sludge Qualitative Fresh or stored (~4 yr.) sludge 

2.2 System Perspective – LCA development 

The data gained in the experimental part will be utilized in energy and mass balances of the treatment 

process. These balances will serve as a basis for the development of a lifecycle assessment process 

module in the software EASETECH for HTC as treatment for sewage sludge. The process module can 

be utilized in lifecycle assessments for various scenarios where HTC could be a potential treatment 

option. One of these scenarios will be Kiruna. The LCA methodology will help to evaluate environmental 

impacts of different treatments in combination with the prerequisites of Kiruna e.g. long distances to other 

treatment facilities.  

3. PRELIMINARY RESULTS AND DISCUSSION 

The HTC screening test is finished for all factors apart from “TS content of ingoing sludge”. First 
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preliminary results can be presented and comparisons to literature can be made. In general, all 

experiments showed that higher temperatures can be utilized during HTC to shorten the retention times. 

Experiments with an HTC treatment at 230 °C for 120 min showed similar treatment results as treatments 

at 250 °C for only 30 min. These findings are supported by the semi-empirical coalification model 

developed by Ruyter (1982), which shows similar conversion factors for the two experimental settings. 

The distribution of 1 g ingoing solids to the process liquor and the solid phase is shown in Figure 1 and 

Figure 2. The higher the temperature and the longer the retention time, the more solids are transferred to 

the process liquor. The plots also show that the mass balance of solids in process liquor and solid phase 

cannot be closed. This is especially the case at higher temperatures and longer retention time and 

indicates that more solids were transferred to the gas phase.  

 

 

Figure 1. Contour response plot from MODDE showing how much of 1 g ingoing solids are transferred to the solid 

phase/hydrochar. The ingoing sludge before treatment had 12% TS and was fresh (not intermediately stored). 

Model quality: R2=0.96; Q2=0.94 
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Figure 2. Contour response plot from MODDE showing how much of 1 g ingoing solids are transferred to the 

process liquor. The ingoing sludge before treatment had 12% TS and was fresh (not intermediately stored). Model 

quality: R2=0.98; Q2=0.96 

 

Also, the dewaterability of the sludge is affected by the HTC treatment. Figure 3 shows the TS content 

of the solid phase/hydrochar after centrifugation. A better dewaterability was achieved at higher 

temperatures and longer retention times, with a bigger influence of temperature. The dewaterability 

results are comparable to the findings of Wang et al. (2019) and Yu et al. (2014). 
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Figure 3. Contour response plot of the TS content in % in the solid phase/hydrochar after dewatering by 

centrifugation. The ingoing sludge before treatment had 12% TS and was fresh (not stored). Model quality: 

R2=0.71; Q2=0.60 

Experiments with an ingoing sludge with a TS content of 25% show that the dewaterability after HTC 

treatment was even further improved. Next to this, the high TS content in the ingoing sludge leads to a 

higher concentrated process liquor. In literature it is stated that higher TS contents in the ingoing sludge 

also lead to a production of more hydrochar since less material is transferred to the process liquor (Wang 

et al., 2019). The experiments with high TS in the ingoing sludge also indicate this but further experiments 

are necessary to fully proof this.  

Comparing the results of intermediately stored and fresh sludge, it can be stated that both types of 

sludge are similarly affected by variations of the factors of HTC treatment. The main difference can be 

found in the VS content of the hydrochar, which is significantly lower for the intermediately stored sludge, 

and in the transfer of solids to the process liquor, which is less for the intermediately stored sludge. These 

two effects can easily be explained by uncontrolled stabilization as well as uncontrolled leaching of the 

intermediately stored sludge. This resulted in already reduced VS content in the intermediately stored 

sludge before HTC treatment. 

First tests with the büchiglasuster autoclave system show that the results are similar to ones of the 

microwave reactions system. Therefore, results from both equipment setups are equally presented. The 

usage of two different equipment setups helps to minimize possible influences of certain equipment 

characteristics. 

In general, first results are promising and the models show a high validity and reproducibility (values 

given in each figure). The analysis of effects of temperature, retention time and TS content of the ingoing 

sludge at the same time are a novelty and have not been found in literature on HTC treatments of sewage 

sludge (Danso-Boateng et al., 2015; Wang et al., 2019). 
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4. CONCLUSIONS & OUTLOOK 

The conducted experiments show promising results which also match with results from literature. The 

performed and upcoming tests increase the understanding of interactions between settings of HTC 

treatments and properties of the produced hydrochar and process liquor. This gives options for optimized 

treatment parameters which lead to a greatly increased efficiency and effectiveness of the treatment.   

Results already show that the produced hydrochar is stabilized, easy to store and handle and strongly 

reduced in volume and water content. If applied by Kiruna city, the intermediate storage can be reduced 

in size and the risk for environmental pollution and health related issues by the sewage sludge can be 

drastically reduced. Apart from this HTC also gives the possibility to treat other organic waste streams in 

combination with the sludge (e.g. food waste) and by that facilitate treatment and transport of these waste 

streams as well. Further combustion experiments will show pathways for resource recovery from the 

hydrochar and experiments on process liquor will examine its biodegradability. 

The results from the experimental stage will be directly applied in the LCA development. This will give 

possibilities to assess environmental impacts of sewage sludge treatment systems incorporating HTC in 

various scenarios including Kiruna’s. 
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