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ABSTRACT 

The P&P industries are the sixth largest polluting and most energy and water-intensive 

industries in the world and generate significant amounts of wastewater. The wastewater 

undergoes primary, secondary, and tertiary treatments before discharging into aquatic 

environments. In this process, a large amount of primary and secondary sludge is generated, 

which contains high organic contents, and nutrients like nitrogen and phosphorous. These 

sludges, if not treated properly have an adverse effect on the environment. Traditional sludge 

treatment methods include incineration and landfilling, which leads to the release of harmful 

greenhouse gases. 

Biochemical processes like anaerobic digestion (AD) and thermochemical processes like 

hydrothermal carbonization (HTC) have been investigated to treat bio sludge efficiently and 

aim for value-added products. Anaerobic digestion (AD) is a promising solution suitable for 

high organic load wastewater and sludges and the production of methane-rich biogas and 

HTC is a thermochemical process that converts wet biomass into a valuable material under 

heat and pressure. Therefore, the integration of AD and HTC can be a potential 

complementary process for obtaining value-added products. This thesis aims to characterize 

the solid and liquid parameters of the bio sludge, followed by the quantification of the 

digestate resulting from AD with a subsequent HTC of the produced liquid. The results 

showed that the integration of AD with HTC showed better biogas yield and the process was 

optimized with principal component analysis to analyze its applications. 
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1  INTRODUCTION 

The P&P industries are the sixth largest polluting and most energy and water-intensive 

industries in the world and generate plenty of organic and inorganic pollutants. (Veluchamy 

& Kalamdhad, 2017). In addition, they make a substantial contribution to GHG emissions 

and total energy use. The industry ranks as the 4th largest GHG emitter and takes charge of 

9% of the emissions of manufacturing industries. In the European Union area, these 

industries are responsible for 5% of the total energy use (Sun et al., 2018). For instance, in 

Finland the P&P industry are responsible for 50% of the annual industrial energy use and 

nearly 23-24% of the total energy demand. Furthermore, the P&P industry holds 

responsibility for 2% of direct industrial CO2 emissions. Studies add that one metric ton of 

paper on average generates 951 kg CO2-eq GHG emissions throughout the entire process. 

Some indirect emissions include 12.3 Mton CO2 from purchased electricity and transport 

accounts for 5 Mton CO2 (Furszyfer Del Rio et al., 2022) . The P&P industry utilizes a lot 

of fresh water and  (Olejnik, 2011) stated that an average paper mill to produce 1 ton of paper 

requires around 10-20m3 of freshwater and 100–150 m3 of process water. In the United 

States, 17,000 gallons/ton of paper is consumed by the P&P mill (Jiang et al., 2021).  

In spite of the highly intensive rates of energy, water and GHG emission, the P&P is a 

growing industry and the production have been increasing. The early years in the twenty first 

centuries were considered as peak growth of the paper industries in Finland. The annual 

paper and pulp production in 2002 was around 12 million tons respectively (Kivimaa & 

Mickwitz, 2009). The production of P&P from 2010 to 2017 in Finland is given in table 1.  
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Table 1: P&P production in Finland (Kähkönen et al., 2019) 

Products 2010 (1000 t/a) 2017 (1000 t/a) 

Paperboard 2830 3622 

Printing and writing 

paper 

7466 5422 

Chemical pulp 6733 7703 

Mechanical and semi-

chemical pulp 

3775 3141 

Other paper 1462 1232 

 

 

These P&P industries involve processes with various phases where diverse products and 

large amounts of sludge are produced (Suthar et al., 2014). Due to strict environmental 

laws and constraints, the P&P mills are facing problems with handling and managing their 

residues (JA, 2021; Meyer & Edwards, 2014). Normally, the residues from these mills 

include rejects from virgin pulps, inorganic sludges from chemical recovery, wastewater 

treatment sludge, and chemical flocculation sludge. For example, the tall oil from softwood 

chemical pulping can be used as suitable raw material for traffic fuels. Out of all the above, 

the wastewater treatment sludge accounts for the largest residual stream in terms of volume 

produced by the P&P industry(Monte et al., 2009). The efficient treatment and 

management of sludge generated has an indirect influence on the economic and 

environmental impacts of the P&P industry. Typically, over 50% of overall wastewater 

treatment cost in some mills is destined to sludge disposal. Environmental Sustainability is 

an arising global responsibility and immediate actions are required. As stated earlier, the 

P&P industry, being one of the most polluted industries, contribute in a contradictory way 

to those factors. 

The P&P industry are among the largest effluents producing industry and for consuming 

large amounts of natural resources and water (JA, 2021) The residue produced from this 

P&P industry has high organic content and solid content. This sludge withholds a great 

potential for bioenergy production, although the high-water content will be one of the 
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limitations for energy recovery by incineration (Hagelqvist, 2013) The sludge generated 

from a P&P can be segregated into (JA, 2021):  

• Primary (chemical) sludge. 

• Secondary (biological) sludge.  

Primary and Secondary sludge end up from the wastewater management unit and these 

residues, if not treated properly have an adverse effect on the environment, especially the 

secondary sludge as they have high moisture and inorganic content (Haile et al., 2021). 

Studies suggest that the fraction of water in bio sludge is almost 98% (Mowla et al., 

2013).In addition to that, the presence of microorganisms in the secondary sludge can be 

harmful. Traditional sludge treatment methods include incineration and landfilling, which 

leads to the release of harmful greenhouse gases. The production of P&P has increased 

significantly over recent years and has increased in the production of bio sludge. Bio 

sludge has higher water content and hence breaking down of organic materials in the 

sludge is usually a tedious process (Liu et al., 2021).  

Biochemical processes like anaerobic digestion and thermochemical processes like 

hydrothermal carbonization (HTC) have been investigated to treat bio sludge efficiently and 

aim for value-added products. Especially HTC due to association of high temperatures(Jha 

et al., 2022) and autogenous generated pressure is an emerging technology. HTC is a 

thermochemical process that converts wet biomass into a valuable material under heat and 

pressure (Mendoza Martinez, 2021). HTC is a convenient alternative due to its low energy 

consumption and the utilization of the moisture present in the biomass to catalyze the 

reactions. (Alatalo et al., 2013). HTC operates under saturated steam pressures, where the 

latent heat requirement of evaporation can be neglected, which influences low energy 

requirement which differentiates HTC compared to other thermochemical alternatives for 

active drying, that doesn’t require energy–intensive drying methods. (Mäkelä et al., 2016). 

Additionally, HTC also operates at low temperatures compared to other thermochemical 

technologies such as pyrolysis or gasification.  Although HTC is an effective technology, it 

faces challenges in the treatment of the aqueous residue, which constitutes secondary waste 

that needs effective treatment due to the presence of various nutrients and high COD 

demand. The management of bio sludge comprises either of landfilling or in terms of energy 

recovery, incineration. Nonetheless, it results in cost-intensive and tedious treatment issues. 

Anaerobic digestion (AD) is a promising solution suitable for high organic load wastewater 
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and sludges and the production of methane-rich biogas (Rodriguez et al., 2021). The process 

involves microorganisms in an anaerobic environment with interdependent metabolic stages: 

hydrolysis, acidogenesis, acetogenesis, and methanogenesis (Meyer & Edwards, 2014). The 

organic complex material is degraded, and biogas is obtained as a value high-quality end 

material, where the biogas can be converted to electricity as well. The integration of 

anaerobic digestion and hydrothermal carbonization in the treatment of bio sludge from 

paper and pulp industries would be an excellent combination of two eco-friendly 

technologies and result in valuable main products like methane rich biogas and hydro char.  

The main objective of this thesis is to perform both the liquid and solid characterization of 

the bio sludge and measure the resulting biogas yield. Furthermore, the aim is to quantify 

the production of hydro char from the digestate (resulting from anaerobic digestion) with 

hydrothermal carbonization. The research questions that came up while this thesis was: 

 

1. How did AD and subsequent HTC enhance the properties of bio sludge to produce 

high valuable end products? 

2. How to enhance the process properties of AD of HTC liquid to increase the content 

and quality of biogas? 

  

2  PAPER AND PULP MILL SLUDGE 

2.1  Paper and Pulp Mills 

The pulp and paper industry falls under an important economic sector in the European Union 

(EU), creating job vacancies, and contributing to the EU’s growth and provide products for 

almost 5 billion people around the global for different applications (Coimbra et al., 2015; 

Pratima Bajpai, 2015b). The paper and pulp industries are considered energy and water-

intensive industries (Priadi et al., 2014). The demand for this industry is growing steadily 

throughout the globe because of its abundant consumption, even in today’s world of 

digitalization. (Fahim et al., 2019). (Haile et al., 2021) adds that the global usage of paper is 

approximately around 55kg per person per year. This paper production is a fast-developing 
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business with around 5000 paper and pulp mills worldwide and manufacturing 400 million 

tons of paper per year (Meyer & Edwards, 2014). Most of the P&P mills, were constructed 

along the waterways, which had both its advantages and disadvantages. These industries had 

access to better quality processes and cooling water, but meanwhile the quality water begin 

to decline. (Assis & Chirwa, 2021a; Katko et al., 2005). The important process paths in the 

paper and pulping process are shown in figure 1.  

 

 

Figure 1:  Pulping process and waste generated in the P&P industry (Gottumukkala et al., 2016).  

 

Paper is manufactured from either primary or secondary cellulose fibers (Assis & Chirwa, 

2021a), where the primary fiber is separated from wood via mechanical, chemical, or 

combined processes (Banks et al., 2021). Whereas the secondary fibers are generated from 

recovered paper. As shown in figure 1, the pulping process discrete lignin from cellulose 

fibers, and these fibers are used to make paper. Chemical (sulfate and sulfite) and 

mechanical pulping are the two most common methods. The main aim of pulping is to 

remove lignin from the cellulose fibers, such that impurities are removed and not affecting 

the fiber strength.  

Cellulose, being the primary carbohydrate is known as the most abundant natural polymer 

and cellulose fibers are considered as the ideal material for papermaking, as these fibers 

are reusable, recyclable and they have high tensile strength, and good flexibility. The 
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rigidity of the cellulose structure is mainly because cellulose fibers contain hydroxyl 

groups that enable strong hydrogen bonding between adjacent fibers. (Pratima Bajpai, 

2015a) .Organic material is broken down into cellulosic fibers, and is separated by 

chemical, semi-chemical, and mechanical processes (Valentin I popa, 2013) 

The raw materials used for manufacturing paper and pulp are mainly cellulose, and wood, 

which is a renewable source is the main raw material and the largest source of pulp in 

paper production (Thompson et al., 2001). Although wood fibers contribute to a larger 

proportion in making paper, bagasse, flax, and cotton linters can also be used (Pratima 

Bajpai, 2018). The structural composition of wood is mainly cellulose, lignin, and 

hemicellulose (Bayr & Rintala, 2012)., as shown in Table 2. Studies and quantitative data 

suggest that wood holds 40-50% cellulose (Haile et al., 2021). Cellulose(C6H10O5) n, the 

most abundant organic compound is a polysaccharide and one of the main components of 

the cell wall, which is mainly obtained from sugarcane bagasse, jute, and bamboo. 

Cellulose consists of a linear polysaccharide polymer linked by β-1, -4 glycosidic linkages 

(Hwa & Wang, 2007). 

 

Table 2: Composition of soft wood and hard wood (Ahmad et al., 2020) 

Component Soft wood (wt %) Hard wood (wt %) 

Cellulose 40-44 40-44 

Hemicellulose 30-32 15-35 

Lignin 25-32 18-25 

Extractives 5 2 

 

The chemical composition of the fiber is considered very important as the chemical 

components directly influence the technical properties of paper. Soft wood is used in 

producing high-quality printing papers while hard wood is used for producing tissues, 

printing paper, and packaging papers. Hemicelluloses(C5H8O4) n, is the second dominant 

carbohydrate that acts as an interface between the cellulose and lignin, enhancing the 

encrustation of the fibrils. They make up around 25-30% of the dry weight in wood (Prabir 

Basu, 2008). Hexose sugars (glucose, mannose) and pentose sugar (xylose) are the main 

building units (Monica Ek et al., 2009). They have a high swelling capacity and are highly 
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hydrophilic. While lignin, being hydrophobic and is the binding agent for the cellulose 

fibers to hold the cells together. They are covalently connected to hemicellulose and fill the 

spaces between cellulose and hemicellulose in the cell wall and protect the carbohydrate 

from degradation. (Yan et al., 2015). Hardwood and softwood hold different compositions 

of lignin, with softwood having the highest composition of 25-35% by dry weight and 

hardwood of about 18-25% by dry weight of lignin (Prabir Basu, 2008). 

 

2.2  Sludge 

Sludge is an organic residual and the solid by-product recovered from wastewater 

treatment plants (Faubert et al., 2016). 10 million tons of dry matter of sewage sludge are 

produced by the countries of the EU (Carsky et al., 2022). The P&P industry normally 

generates a large amount of solid and liquid wastes which are now evolving as a major 

threat that needs immediate action (Fahim et al., 2019). Different types of sludges are 

generated at various steps of the overall treatment process. The paper and pulp industry 

falls under the category of the industries that release solid waste with a high moisture 

content (Gottumukkala et al., 2016). This high amount of sludge from chemical and 

biological treatment from the wastewater plant ranges from 0.3 – 1.0m3 of paper sludge 

per ton paper produced (Priadi et al., 2014), and nearly 0.2 to 0.6 wet tons of sludge is 

generated per ton pulp produced (Meyer & Edwards, 2014). The sludge originating at the 

P&P industry can be categorized into either primary or secondary sludge. Globally, 

around 40- 50kg of dry sludge is generated from the production of a tonne of paper in a 

pulp and paper mill (Fahim et al., 2019), where 70% being primary sludge and 30% being 

secondary sludge (Haile et al., 2021). In Europe, paper production reached around 90.1 

million tonnes in 2021, leading to 4.3-40 kg of dry matter of sludge generated per tonne 

of paper production (Carsky et al., 2022). In Finland, 578000 tons of sludge are produced 

per year by the paper and pulp industry (Kinnula et al., 2020) . Sludge is produced during 

two steps of the wastewater treatment process, the primary treatment, and the secondary 

treatment as in Figure 2. The primary sludge is recovered at the primary clarifier, while 

the secondary sludge (bio sludge) is recovered from the secondary clarifier.  
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Figure 2: Pulp and paper mill wastewater treatment process (T. R. Naik & Moriconi, 2005) 

 

The primary sludge is collected after the primary clarification process of the water and is 

carried by dissolved air floatation or primary sedimentation in the paper and pulp wastewater 

treatment plant (Bayr & Rintala, 2012; Faubert et al., 2016). This sludge includes mostly 

fines and fillers and the dewatering process in considered easy than the secondary sludge. 

Taking into an account of 40-50kg per tonne of paper production, almost 70% of the sludge 

accounts for primary sludge (Haile et al., 2021). Primary sludge has more solid residues and 

low moisture in contrast to bio sludge  (Gottumukkala et al., 2016). The organic content in 

the primary sludge is highly rich in organic content and fibrous, mostly including cellulosic 

fibres and some inorganic fractions of clay, calcium carbonate and traces of materials used 

in the paper and pulp production (Nurmesniemi et al., 2007). This primary sludge normally 

consists of wood fibres with a high carbon-nitrogen ratio (Kinnula et al., 2020). Primary 

sludges are easier to dewater, which are high in fiber (>20%) and low is ash (<30%). This 

sludge is added again to the process for the board industry, but in case for high-grade 

products it can be incinerated or mixed with secondary sludge (Pratima Bajpai, 2015a). 

The secondary sludge or bio sludge is generated in the secondary clarifier, that is in the 

clarifier of the biological process of the paper and pulp wastewater treatment plant (Monte 

et al., 2009). The bio sludge is associated with microbes to reduce or modify the biochemical 

oxygen demand and the chemical oxygen demand of the sludge. The composition of organic 

material is high in secondary sludge in contrast to the primary sludge, which includes high 

amounts of phosphorous, calcium, potassium, and magnesium, but with a lower C/N content 

(Kinnula et al., 2020). This biosludge is difficult to dewater as the water is bound by 

intracellular water of highly hydrated extracellular polymers and more biologically active 

contents (Hagelqvist & Karlstads universitet. Institutionen för ingenjörs- och 
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kemivetenskaper., 2013). The bio sludge has a greater water holding capacity and has a 

moisture content over 98% (Meyer & Edwards, 2014). Normally the volume of secondary 

sludge is lower than of primary sludge as the heavy and inorganic solids, residual cellulosic 

fibres are eliminated in the primary clarifier (Monte et al., 2009). Incinerating secondary 

sludges can cause operational problems to the boilers as the solid content is low, the steam 

generation efficiency of the boiler is lowered (Pratima Bajpai, 2015). Table 2 shows the 

properties of primary and secondary sludge from paper and pulp mills. 

 

Table 3: Properties of primary and secondary sludge (Banks et al., 2021).  

Parameters Primary Sludge 

(wt% of TS) 

Secondary Sludge (wt% 

of TS)  

Ash Content (% dry solids) 10-15 10-20 

Moisture (%) 70 80 

C 44 47 

H 6 5.2 

N 0.4 1.6 

O 25 30 

Heating Value (MJ kg-1) dm 5.5 0-25 

dm-dry matter  

 

2.2.1  Properties of Bio sludge 

The properties of the bio sludge vary according to the raw materials used and based on the 

treatment process (Monte et al., 2009). The sludge is usually rich with organic contents, 

and nutrients like nitrogen and phosphorous, and has a substantial amount of energy 

planted within it, (higher heating value of around 15-20 MJ/kg dry sludge) (Bora et al., 

2020). The most inorganic compounds found in the paper mill sludge are calcium 

carbonate and clay and heavy metals as impurities, that originate from the wood raw 

material (Kuokkanen et al., 2008). Low concentrations of heavy metals are found in the 

sludge, while high concentrations of organic matter are found (Voundi et al., 1999). The 

bio sludge from the paper and pulp mill contains high concentration of biochemical oxygen 
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demand (BOD) and chemical oxygen demand (COD), suspended solids, with also the 

presence of organic compounds.  

Biochemical oxygen demand is the amount of oxygen utilized during the biological 

breakdown of the organic material. It is also defined as an indirect measure of the organic 

content of a sample. This test determines the biodegradable fraction of the wastewater. The 

five-day BOD test is the most common method in practice and BOD5 is a test used to 

determine the quantity of oxygen needed for the biochemical oxidation of organic matter 

under controlled conditions (Kumar et al., 2010). 

Chemical oxygen demand is the amount of oxygen needed to breakdown the organic 

material, with the help of strong oxidizing agents together with strong acids and heat. The 

COD test analyzes the organic content of both biodegradable and non-biodegradable 

compounds. 

The sludge from the treatment plant includes solids and water. The total solids are further 

classified into dissolved solids and suspended solids, which again are separated as volatile 

suspended solids and fixed solids. The organic fraction in the sludge (solids) can be defined 

by the ratio of volatile to total solids in the sludge. The solid contents in the primary sludge 

can vary between 1.5% - 6.5%. As the paper and pulp mill sludges have high loads of fibers 

and organic matter, carbon and oxygen constitute the highest percentage. The chemical 

content of a bio sludge is given in Table 3. 

 

Table 4: Chemical content of the primary and bio sludge in percentage (Armi Rissanen, 2020) 

Chemical element Primary sludge (wt%) Bio sludge (wt%) 

C 44 47 

H 6 5.2 

S 0.1 1.2 

N 0.4 1.6 

O 25 30 

 

 



21 

 

Ash is the solid residue obtained after the incineration of the bio sludge, and it is one of the 

important parameters to be considered in the characterization of the sludge. The ash 

content depends on and varies by the raw material used for the production. (Armi 

Rissanen, 2020) reviews that when virgin wood is used as a raw material, lower ash 

content was noticed when compared to mills where raw material is recycled paper. The ash 

content is high in the sludge, constituting 50-60 wt% of total solids in the primary sludge 

in a paper industry, and 5 to 20 wt% of solids in a paper mill. The ash content in the bio 

sludge is 16% (Banks et al., 2021; Lohiniva et al., 2001)  

Almost all the bio sludges have a moisture content above 98% and reducing this water 

content can be beneficial from both economic and environmental point of view. Due to the 

presence of colloidal particles and extracellular polymeric substances between them, that 

bind the water molecules together and capture them within the cells, bio sludges are very 

difficult to dewater when compared to primary sludges (Mowla et al., 2013). However, the 

inhibiting factors of the dewatering process are high compressibility of the solids in the 

sludge, low settleability of the solids and high affinity of the extracellular polymeric 

substances. Figure 3 depicts various forms of water in the bio sludge.  

 

 

Figure 3: Forms of water in the bio sludge (Mowla et al., 2013) . 

 

2.2.2  Current sludge treatment 

P&P mill sludge is the organic effluent recovered after the waste treatment process in the 

industry (Assis & Chirwa, 2021). Sludge management is important as the sludge contains 

several lipophilic organic compounds, such as longifolene, alkanes, squalene, sterol MW 

470 which needs to be disposed of with caution that it does not cause any further harm to the 

environment (Koistinen"’ et al., 1998). Also, knowledge of the composition of the effluents 

is necessary for choosing the suitable sludge treatment and management. The treatment 

water and solids are separated and screw-pressed to give a cake-like texture to the bio sludge 
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(State et al., 2008) .Removal of water is considered as a challenging process, which is done 

by sludge thickening and dewatering. The aim of sludge thickening is to increase the solid 

contents prior to the next step.  

Dewatering is a challenging and is a high-cost consuming process and is more difficult with 

bio sludge than primary sludge, due to the existence of colloidal particles (Mowla et al., 

2013) and owing to the content of wood (Meyer & Edwards, 2014) . (Meyer et al., 2018) 

adds that the presence of gel-like structure consists of extra cellular polymeric substances, 

binds the water molecules to the solid surfaces or even traps them inside the flocs. Certain 

parameters like chemical composition of solids, and solid particle size can affect the 

dewaterability of sludge (Mowla et al., 2013). Also, bio sludge has more water retaining 

microbial biomass than primary sludge and the biological activity increases the viscosity of 

the bio sludge making it harder to dewater. Overall, this high-water content is one of the 

biggest bottlenecks in sludge management. Regarding the combination of sludge, where 

primary and secondary sludge are mixed the dewaterability is directly related to the 

percentage of bio sludge in the mixture, where the high percentage is proportional to the 

high resistance (Armi Rissanen, 2020). For dewatering, it is always preferred to mix both 

bio sludge with the primary sludge and is screw pressed to a cake-like texture of 40% solids. 

Even though this appears to be a common practice, the mechanism involved, and the way 

the physical and chemical properties of the primary and bio sludge affecting this process is 

still in limited understanding (Meyer et al., 2018). 

The current sludge management ruling over the industries is: 

• Mechanical dewatering followed by composting. 

• Mechanical dewatering and incineration with discharge of ashes on the landfill.  

Sludge management cost in the wastewater treatment plant is responsible for around 60% of 

the operating costs according to (Mahmood & Elliott, 2006). The most common methods 

include Incineration, landfill, or composting. The management cost around 30-100 euros per 

wet ton in Europe (Banks et al., 2021). Landfilling is the most usual and popular method of 

disposal, which is becoming an issue due to its increasing threat to the environment and land, 

reducing landfill space, and leachate problems (Mahmood & Elliott, 2006). In Finland, the 

laws and legislations are very strict against landfilling. The government decree of landfills 

(331/2013; amendments up to 960/2016 included) strictly prohibits disposing sludge as 
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landfilling. The European Commission Council Directive on the use of sewage sludge in 

agriculture (04/07/1986) also includes the sludge from the paper and pulp mill. There are 

strict restrictions before any kind of sludge is introduced into the soil. For example, in the 

case of cadmium, they tend to be in higher concentrations in the paper and pulp sludge and 

exceed the maximum level, which stops soil improvement purposes. In Finland, the 

regulation limits for agricultural purposes for cadmium content is 1.5 mg per one kilogram 

of dry sludge (Armi Rissanen, 2020). 

Incineration is also one of the most common methods used in the sludge treatment methods. 

While it costs around 13-15$ per ton dry ton in the United States (Saha et al., 2019) , this is 

the upcoming common method in the European Union, as the EU waste directives states that 

landfilling of biodegradable waste is being prohibited. This process evaporates the water in 

the sludge and provides high volume reduction. In the presence of excess oxygen, 

incineration can destroy microbes and organic compounds through combustion. The sludge 

combustion is autogenous, only when the solid content is more than 35%. Normally, the end 

products include inert ashes, carbon-di-oxide, sulphur-di-oxide, and water vapor. The 

limitations of incineration are extremely high costs, and some emissions of pollutants. 

Incineration helps around 70% of volume reduction of the sludge, along with inactivation of 

microorganisms and toxic compounds, however the leftover ash includes toxic compounds 

which is harmful (Gururani et al., 2022). 

Composting is a biological process that converts the paper and pulp mill sludge into non-

toxic substances in aerated conditions. The end product results in carbon di-oxide, water, 

and heat. The composting processes are done either by windrow composting, closed-reactor 

biological composting. These three processes are widely practiced in the current sludge 

management techniques (Cleverson Vitorio Andreoli et al., 2007). The common wastewater 

treatment management in the CEPI countries are listed in table 3. 
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Table 5: Treatment methods in the CEPI countries (Bird & Talberth, 2008) 

Applications Wastewater treatment residuals (%) 

Land application 37 

Energy recovery 33 

Landfilling 11 

Other industries 19 

 

2.2.3  Industrial Water Process  

A conventional wastewater treatment process includes physical, chemical, and biological 

processes. Physical processes are used to remove different types of pollutants, they do not 

alter the chemical or biological forms of the targeted pollutants. However chemical methods 

include the addition of reactants to eliminate the pollutants. In combination, these 

physicochemical treatments are used to remove colloidal particles, suspended particles, and 

floating substances by sedimentation, coagulation, screening, and flocculation (Ashrafi et 

al., 2015). Sedimentation is an important process in the removal of suspended matters from 

the wastewater. Studies suggest that 80% suspended matter can be removed by 

sedimentation (Thompson et al., 2001). Biological process assists in the degradation of 

pollutants with the help of microorganisms and reduce the amount of organic content in the 

wastewater and the most common biological process is the Activated sludge process.  

Figure 4 depicts the general schematic diagram of the papermill effluent plant. As discussed 

before, the preliminary treatment levels include sedimentation, and screening. The aim of 

this treatment is to remove coarse solids, inorganic solids (sand, gravel), referred as grit and 

size reduction of larger materials, and suspended solids. The objective of the primary 

treatment is to remove organic and inorganic solids by floatation and sedimentation 

processes. This clarification is done via sedimentation or screening. This sedimentation 

process includes screening, pH neutralization, sedimentation basin, and floatation unit 

operations (Pöykiö et al, 2018). 50-70% of the total suspended solids and 25-50% of the 

biochemical oxygen demand are removed in the primary treatment. (Ashrafi et al., 2015) 

Dissolved air floatation is also another process for the removal of suspended solids.  
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Figure 4: Schematic diagram of a papermill effluent plant (Thompson et al., 2001) 

 

As discussed before, the preliminary treatment levels include sedimentation, and screening. 

The aim of this treatment is to remove coarse solids, inorganic solids (sand, gravel), referred 

as grit and size reduction of larger materials, and suspended solids. The objective of the 

primary treatment is to remove organic and inorganic solids by floatation and sedimentation 

processes. This clarification is done via sedimentation or screening. This sedimentation 

process includes screening, pH neutralization, sedimentation basin, and floatation unit 

operations (Pöykiö et al, 2018). 50-70% of the total suspended solids and 25-50% of the 

biochemical oxygen demand are removed in the primary treatment. (Ashrafi et al., 2015) 

Dissolved air floatation is also another process for the removal of suspended solids.  

The primary effluent leaving the primary sedimentation unit then reaches the secondary 

treatment process. This secondary treatment includes biological treatment, where 
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microorganisms are used in a suitable controlled environment. Secondary treatment can be 

done either via aerobic tor anaerobic treatment. Aerobic processes are known for their low, 

easy operation and capital costs. Anaerobic treatment is preferred than aerobic treatment as 

they produce less sludge, low chemical consumption, and methane is produced as the 

product. The aeration tank is covered with pretreated wastewater for the activated sludge 

process and the microorganisms degrade the organic matter, by using the pollutants as 

nutrients (Pöykiö et al, 2018). Microbes tend to grow and multiply leading to the formation 

of bio sludge or secondary sludge. The BOD and COD removal efficiency is very high in 

the CAS process. 

 In case of a further need for removal of color, odor, and suspended solids, tertiary treatment 

is applied. This treatment is considered expensive, and tertiary sludge is obtained. Then, the 

remaining wastewater is released into the receiving body of water. 

 

3  ALTERNATIVE CONVERSION TECHNOLOGIES 

Biochemical and thermochemical technologies are considered as positive approaches for 

sludge management, and are found to be efficient in volume reduction, also in terms of 

energy recovery and more importantly in the removal of microbes (Gururani et al., 2022). 

Resource recovery is the optimal target, with both biochemical and thermochemical 

technology. Thermochemical technologies usually include gasification, pyrolysis, and 

hydrothermal carbonization, while aerobic and anaerobic digestion fall under biochemical 

technologies (Pérez et al., 2020). The thermochemical methods associate with heating the 

biomass and transforming it into energy and value- added products (Mendoza Martinez, 

2021). However, some treatment technologies which takes place in the presence of oxygen 

like gasification and some in the absence of oxygen like pyrolysis. (S. N. Naik et al., 2010). 

The desired type of end products, type of feedstock, and economic features may also 

influence the type of thermochemical methods used (Gururani et al., 2022). The products 

from thermochemical conversion technologies like pyrolysis and gasification are used to 

generate energy, where a stable final residue is obtained, with only 10-20% of the sludge-

dry solid mass (Furness et al., 2000). Regarding biochemical technology,  AD is considered 

as an advantageous technology due to the utilization of semi-solid or wet waste material, 
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while in thermal treatment cannot be employed in such way. (Pérez et al., 2020). The 

biochemical method includes the presence of microbes or enzymes to break down the 

biomass into smaller molecules (Mendoza Martinez, 2021). 

 

3.1  Anaerobic Digestion 

Anaerobic Digestion (AD) is a biochemical conventional treatment process for treating 

waste, such as wastewater, municipal solid waste, etc. (Appels et al., 2008). Anaerobic 

processes are more adapted for high strength organic effluents and to reduce the increasing 

greenhouse gas emissions, lately a lot of anaerobic digestor plants have been built for the 

conversion of waste to biogas to enhance bioenergy generation. Although, in wastewater 

treatment, AD is a typically used method in the treatment of bio sludge from paper and pulp 

mills, which is still in cradle stage, and has attracted attention only after the late 1980’s 

(Meyer & Edwards, 2014). The main factors involved in this process include anaerobic 

environments, microorganisms, sludge organic substances, and interactions between them 

(Xu et al., 2020). This process involves anaerobic bacteria breaking down the organic matter 

in the absence of oxygen (S. N. Naik et al., 2010), in a step-by-step degradation process of 

complex organic matter (carbohydrates, proteins, and fat) to methane and carbon-di-oxide. 

This process is achieved by four important stages: Hydrolysis, Acidogenesis, Acetogenesis, 

and Methanogenesis, as shown in Figure 5. Common organisms found in the digesters are 

Clostridium, Corynebacterium, and Escherichia (Khanh Nguyen et al., 2021). The 

hydrolysis step is considered as the rate-limiting step because of the formation of toxic by-

products  (Adekunle & Okolie, 2015), and it implies the enzyme-mediated degradation of 

insoluble organic compounds such as lipids, polysaccharides, and nucleic acids into soluble 

organic compounds such as amino acids and fatty acids (Appels et al., 2008). Facultative 

and obligate anaerobic bacteria take responsibility for hydrolysis and acid fermentation. The 

nature of the substrate affects the rate of decomposition in the hydrolysis stage (Adekunle & 

Okolie, 2015). Acidogenesis is associated with a further breakdown of the compounds 

formed during the hydrolysis stage. The compounds formed are absorbed by the microbes 

to produce short chain organic compounds like volatile fatty acids, alcohol, butyric acids, 

ammonia, carbon-di-oxide, hydrogen sulfide, and some by-products (Appels et al., 2008). In 

acetogenesis, the above-formed products are consumed as substrates for the rest of the 



28 

 

microbes in this process. In short form, higher volatile fatty acids or higher organic acids are 

then digested by acetogens (acetogenic bacteria) to produce acetic acid, carbon-di-oxide, and 

hydrogen. Methanogenesis is the slowest biochemical reaction of the process, where 

methane and carbon-di-oxide are produced by two groups of methanogenic bacteria, where 

the first group of bacteria splits acetate into methane and carbon-di-oxide, whereas the 

second group utilizes hydrogen as an electron donor and carbon-di-oxide as an acceptor to 

generate methane (Appels et al., 2008). Figure 5 explains the steps in the AD process in a 

schematic representation.  

 

 

Figure 5: Steps in the anaerobic digestion process (Appels et al., 2008) 

 

Sludge is considered as a viable raw material to produce biogas due to its high nutrient 

content and organic material content. (Ward et al., 2008) adds that around 60 to 65% of 

volatiles can be converted to methane. The composition of the substrate plays an important 

role in the AD process. AD has several advantages over aerobic treatment as low bio sludge 

is produced in AD when compared to aerobic systems. Multi-stage digestors have high 

efficiency in pathogen removal and the digestate produced in the end can be used as 

fertilizers. 
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Anaerobic digestion process is markedly affected by several operating parameters, and the 

optimization of the environmental parameters within the digestor and parameters like pH, 

temperature, buffering capacity are considered significant (Ward et al., 2008).  

Temperature is one of the strongly influencing parameters in the AD process and studies 

have suggested that a rise in the temperature may affect the biogas production, because the 

rise in the temperature leads to the inhibition of free ammonia (Chae et al., 2008). It directly 

influences the metabolism of the microbes and also the growth rate (Appels et al., 2008). A 

traditional anaerobic digestion is run at mesophilic temperatures (35-37 °C). But the process 

can be carried out at psychrophilic temperature (<20°C), mesophilic or thermophilic 

temperatures (42-75°C) as well (Fathy et al., 2004). The bacterial function and growth tend 

to fall by one-half for every 10°C drop below 35°C in the mesophilic temperature range 

(Fathy et al., 2004). A stable temperature should be maintained in the digester, as a rise in 

the temperature has its own advantages and disadvantages. A rise in the temperature leads 

to high rates of reaction (both chemical and biological), gas production, and better 

elimination of pathogens. While some cons include, as mentioned before a rise in the 

temperature, which will lead to the increase of ammonia that may become an inhibiting 

factor to the microbes necessary for digestion process (Appels et al., 2008). Also, 

thermophilic processes are more susceptible and sensitive to environmental parameters than 

mesophilic processes. Considering the entire process, literature reviews states that 

acetogenic and methanogenic processes, are performed by certain microbes and are more 

sensitive and resistant to temperature changes when compared to the first two processes, that 

is hydrolysis and acidogenesis (Fathy et al., 2004). 

The pH range has a strong hand on altering the effect of enzyme activity in the microbes, 

as every enzyme has specifications and has maximum capacity at its own pH range (Lay et 

al., 1997). For biogas production, a neutral pH is always agreeable as methanogens survive 

and grow at pH ranges of 6.7-7.5 (Adekunle & Okolie, 2015) and the rate of the process 

tends to decrease if the pH is either less than 6.3 or higher than 7.8 . It is studied that the 

optimal pH for methanogenesis is around pH 7 and for hydrolysis and acidogenesis it falls 

between pH 5.5 – 6.5. The reason behind the decline around pH 6.3 can be because that 

CH4 generation goes on a slower pace than the production of organic acids and the increase 

in pH above 7.8 can be associated to a shift from ammonium cation [NH4]+ to unionized 

ammonia (NH3) (Boe, 2006). The acid-base equilibrium of various compounds in the 
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digester are also affected by the pH levels. For example, in high pH range, free ammonia 

causes weak base inhibition and at low pH, the volatile fatty acids can cause weak acid 

inhibition. VAF produced during the digestion process tends to lower the pH. The pH can 

be implied as a process indicator because a fall in the pH normally denotes the 

accumulation of volatile fatty acids (Boe, 2006). Another important parameter in process 

stability and as an alternative for pH to indicate VAF accumulation is buffering capacity. 

The most common buffer in the AD process is bicarbonate (HCO3-) with a pKa of 6.3 

(Boe, 2006) . A buffering capacity of around 70 meq CaCO3/l or a molar ratio of 1.4:1 of 

bicarbonate: volatile fatty acids must be maintained for a stable and optimum digestion 

process (Appels et al., 2008). However, several other compounds found in the digester like 

ammonia and hydrogen sulfide at high concentrations can also influence the effect of pH. 

Ammonia inhibition can also cause VAF accumulation, but this does not alter the pH as it 

is balanced with the buffering capacity given by the high content of ammonia (Boe, 2006). 

For biogas production, agitation and aeration are considered very important parameters. An 

appropriate level of mixing is recommended as too much agitation stresses the microbes 

and foaming happens without mixing. The optimal hydraulic retention time is around 10-

15 days (Adekunle & Okolie, 2015).  HRT is the average time that a liquid sludge is held 

in the digester. The balance between that the biogas production and the retention times on 

laboratory scale and literature studies indicates that the retention times lesser than 5 days 

did not result in efficient results and unstable digestion was noticed (Appels et al., 2008). 

Whereas the SRT is the average time that solids spend in a digester and this SRT is one of 

the fundamental design and important operating factor for anaerobic processes. Another 

factor affecting the biogas production would be the carbon/nitrogen ratio, and the ratio 

should be 16:1 – 25:1 (Adekunle & Okolie, 2015).   

 

3.2  Hydrothermal Carbonization  

Hydrothermal Carbonization (HTC) is an excellent technology for converting wet biomass 

into valuable products under heat and pressure (Khan et al., 2019). This HTC process utilizes 

the moisture of the biomass, as using the water as a solvent medium at high temperature and 

pressures and thus eliminating the need for energy for this process and further decreasing 

consumption and costs (Saha et al., 2019). This makes HTC more promising and efficient as 
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no prior drying of the biomass is required. Furthermore, HTC increases the hydrophobicity 

of the biomass, which adds the advantage of less energy consumption in the post-drying 

phase (Martinez et al., 2021). Also, they operate under saturated steam pressures, and the 

latent heat of evaporation is avoided which contributes to reduce the energy requirement in 

contrast to active drying, which is necessary for other thermochemical processes (Mendoza 

Martinez, 2021). The process occurs in an optimum aqueous environment in closed systems 

at low temperatures between the range of 180-260°C, under autogenous pressure of 1-5 MPa 

and external heat supply(Martinez et al., 2021a) . It can be operated at low temperatures 

when compared to the rest thermochemical processes like incineration, gasification, and 

pyrolysis (Khan et al., 2019).  

The HTC process majorly concerns for an endothermic reaction, hydrolysis. It allows 

organic compounds, cellulose, and hemicellulose to be hydrolysed into monomers and are 

proceeded via a series of reactions including dehydration, decarboxylation, condensation, 

and polymerization which in turn results in end products like hydro char and organic acids 

(Saha et al., 2019). Studies state that dehydration and decarboxylation is essentially 

exothermic as they cover the former reaction pathway and at high temperatures (Mäkelä et 

al., 2016), the exothermic reactions of sugars (monosaccharides) dominate the process 

(Martinez et al., 2021a). The energy dense solid, hydro char or bio char is obtained as the 

end product. The obtained hydro char is highly hydrophobic and brittle properties makes it 

easier in the separation process from the liquid product. They are used as biomass for 

bioenergy production, carbon sequestration and in the chemical industry(Khan et al., 2019). 

Figure 6 represents the HTC process in details and its end products. 
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Figure 6: HTC Process (Langone & Basso, 2020). 

 

4  MATERIALS AND METHODS  

4.1  Feedstock Material 

 

This project utilized three bio sludge samples for analysis. Figure 7 refers to bio sludge, 

collected from the Äänekoski biogas plant, where10L of the sample was collected. The bio 

sludge was allowed to settle in a water bath at 37 °C to reduce the physical, chemical, and 

biological changes that may occur in between the sample collection and experimental 

processes. Approximately 400 ml of the sludge cake was diluted with 250ml of distilled 

water to provide the microbes with a hostile environment. During the process, the 

enlargement of the samples and bubbles were observed at the top of the containers, within 

two-three days. The multiplication of the microbes in the sample was observed within the 

first 48 hours, without any source of carbon and nutrients in the water bath. In Figure 9, it is 

clearly seen that the bubbles were covering the surface of the samples in the bath and 

showing a possible sign of the production of biogas. 
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Figure 7: Bio sludge from the Äänekoski biogas plant       Figure 8: Bio sludge in the water bath. 

 

 

                       Figure 9: Three days after letting the sample being in the water bath. 

 

For the second bio sludge, 10L was collected from Stora Enso in a liquid state and was in a 

light brown color, as shown in Figure 10. The pH of the sludge was in the range of 6-8 and 

with a density of 570 kg/m3, according to the report given by the company. The solid 

particles of the bio sludge from Stora Enso were sedimenting at the bottom of the 

container. Likewise, 10L of sludge was collected from UPM Kaukas Lappeenranta mill 
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shown in figure 11. The sludge from UPM was a semi-solid cake. The sludges from Stora 

Enso and UPM were maintained at room temperature between 20-25°C.  

        

    

           Figure 10: Bio sludge from Stora Enso                Figure 11: Bio sludge from UPM. 

 

For the AD process, the sludge collected from Äänekoski biogas plant was fed into the 

digestor as the inoculum and starch was fed as the carbon source for the microbes. The 

digestor was filled with Äänekoski sludge diluted with distilled water making up to 1L.  

Figure 12 shows the digestor containing the sludge for the anaerobic digestion process.  
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Figure 12: The AD reactor with the digestate 

 

4.2  Experimental Set-up 

The Anaerobic digestion and hydrothermal carbonization of the bio sludge was performed 

in the laboratory of LUT University in two specific reactors for each of the processes and 

the maximum capacity of both the reactors is 1L. 

 

4.2.1  Anaerobic Digestion reactor 

The anaerobic digestion process of the bio sludge was performed in a 1L batch reactor 

(Figure 13). A heating jacket was fabricated around the digester which was maintained at 

38°C. The reactor vessel was a double- walled vessel made of chemically resistant 

borosilicate 3.3 glass. The lid of the reactor was equipped with 3 openings for flexible 

adaptation. A PTFE-coated propeller stirrer EUROSTAR 60 digital with 60 Ncm, with a 

vacuum operation up to 25 mbar was attached for better mixing and chemical resistance 

purposes. Furthermore, a pH sensor was mounted to monitor the pH variation throughout 

the process. Thermocouples were coupled on the lid to monitor the reactor temperatures. 

The temperature of the jacket was maintained using a water bath, which had a circulator with 

a closed stainless-steel tank. The purpose of the circulator is to control the internal and 

external temperature. The digestor was equipped with a stirrer aiming to achieve 
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homogeneity and to avoid clogging. The stirrer was designed with a removable wireless 

controller, a digital TFT speed display, RS 232, and USB interface to measure and document 

all the parameters. The microprocessor technology aids in regulating the speed range of the 

stirrer, which varies from 0/30 to 2000rpm. The maximum voltage range was 230V and the 

temperature measuring range varied between -10 °C to +350 °C.  

 

 

 

Figure 13: Design of the anaerobic digestion reactor. 

 

 

4.2.2  HTC Reactor  

The HTC of the bio sludge was conducted in a 1L bench top Parr reactor, where distilled 

water of 600 ml was weighed by same balance and was poured into the reactor and figure 

14 describes the schematic diagram of the equipment. The temperature used in the HTC 

reactor was 200°C for 60 minutes. Martinez et al.(2021)Martinez et al.(2021) and (Banks et 

al., 2021) in their study found that the 200°C and 60 minutes is the optimum temperature 

and time is respectively. (Mäkelä et al., 2016) added that reaction temperature governs HTC 

reactions and has 3-7 times high effect on the product properties than residence time. The 
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stainless-steel vessel has a movable head, with a vessel size capacity of 1L. The maximum 

working pressure (MAWP) is 1900 psi (131 bar) and the maximum temperature with PTFE 

flat gasket is 350 °C. With their larger diameters, they have enough space for pressure gauge, 

temperature sensor, stirring shaft, inlet and outlets for cooling coil and gas release valves. 

The thermocouples measure the temperature within the vessel and the stirring shafts include 

a motor drive that is magnetically coupled to the internal shafts with connected impellers 

(anchor-type with wiper blades). These stirrers are efficient for reaction mixtures with 

viscosities up to 25,000 centipose.  

 

 

 

                                              Figure 14: Design of the HTC reactor. 
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4.3  Analytical Methods  

4.3.1  Liquid characterization  

The analytical methods (pH, NVR, Inorganic and organic content Total organic carbon, 

inorganic carbon, and total carbon and chemical oxygen demand) were measured to 

characterize the bio-sludge.  

The pH was measured after the filtration process with a digital pH meter and triplicate 

readings were taken per sample and the average values were used. 

To analyze the non-volatile residue (NVR) content, the samples were taken in a pre-weighed 

crucibles and were dried overnight at 105 ± 5°C and were weighed again to determine the 

non-volatile residue. To determine the inorganic content, the remaining organic content was 

incinerated at 550 ± 10°C for one hour and cooled at room temperature. The following 

equations were used to calculate the NVR, inorganic and organic content. 

𝑁𝑉𝑅 g =  mout, 105°C = Inorganic g +  Organic g                   (1) 

𝑁𝑉𝑅 𝑔/𝑘𝑔 =
𝑁𝑉𝑅𝑔

0.001 × 𝑚 in, 105°C 
                                            (2) 

𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐g =  𝑚out,550°C                                                                   (3)  

𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐g/kg =  
𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑔

0.001 × 𝑚 𝑖𝑛, 105°𝐶 
                                     (4) 

𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 g/kg =  𝑁𝑉𝑅g −  𝐼𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐g                                        (5) 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 g/kg =  
𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑔

0.001 ×𝑚 in,105°C 
                                                    (6)  

 

NVRg, g/kg = non-volatile residue (g, g/kg) 

Inorganicg, g/kg = inorganic content (g, g/kg) 

Organicg, g/kg = organic content (g, g/kg) 

m = mass of the sample (g) 

 



39 

 

The Total carbon, total organic carbon and inorganic carbon were measured in the Shimadzu 

TOC-L CPN Total Organic Carbon Analyzer. A dilution of 10 mg/L was performed in 

accordance with the standard EN 1484 -H3.  

The samples were prepared by adding potassium dichromate, mercury sulphate, and sulfuric 

acid to Hach Lange test cuvettes for a COD range of 20 – 1500 mg/L.  The test cuvettes were 

heated for two hours at 150°C, and the test was performed with the Hach Model DR/2010 

spectrophotometer at a wavelength of 620 nm. 

  

 

4.3.2  Solid characterization  

The following techniques were performed to characterize the solid fraction of the bio-sludge. 

 

The yield of the hydro char was calculated with the given equation. 

𝑀𝑌 = 100 × 𝑚
ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟𝑑𝑟𝑦

𝑚𝑠𝑙𝑢𝑑𝑔𝑒𝑑𝑟𝑦
                        (7) 

MY = mass yield 

m = mass (g) 

 

To determine the mass percentages of ash, volatiles, moisture and fixed carbon of the 

samples, the proximate analysis was performed. The ash content is calculated from the mass 

of the residue left after the sample is incinerated under controlled conditions of time and 

optimal temperature of 550 ± 10°C using standard DIN EN 14775 and the volatile content 

was measured using standard DIN EN 15148. The moisture content was measured with the 

standard DIN EN 14774. The equations used to calculate the ash, volatiles, and fixed carbon 

content are: 

   𝐴 = 100 × (
𝑚𝑜𝑢𝑡

𝑚𝑖𝑛
) ×

100

100−𝑀𝐶
                                                              (8) 

𝑉 = (100 ×
𝑚𝑖𝑛−𝑚𝑜𝑢𝑡

𝑚𝑖𝑛
− 𝑀𝐶) ×  

100

100−𝑀𝐶 
                                          (9)   

𝐹𝐶 =  100 −  𝐴 −  𝑉                                                                            (10) 
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A = ash content (%) 

V = volatile matter (%) 

MC = moisture content (%) 

FC = fixed carbon (%) 

m =    mass (g) 

 

To determine the elemental composition of the samples ultimate analysis was conducted. 

LECO CHN628 instrument was used to identify and measure carbon (C), hydrogen (H), and 

nitrogen (N) content with standard DIN EN 15104. While Sulphur was measured in LECO 

628S system with standards DIN EN 15407 and 15408. Oxygen is calculated by the overall 

standard formula, given below: 

𝑂 =  100 −  𝐶 −  𝐻 −  𝑁 −  𝑆 − 𝐴                                       (11)                  

O = oxygen content (%) 

C = carbon content (%) 

H = hydrogen content (%) 

N = nitrogen content (%) 

S = sulfur content (%) 

A = ash content (%) 

 

The heating value was measured in the Parr 6400 automatic isoperibol calorimeter with the 

standard DIN EN 14918. HHVdry, LHVdry, energy densification (ED), and energy yield 

were calculated.  

 HHV dry = 𝐻𝐻𝑉 ×
100

100−𝑀𝐶
                                                 (12) 

LHV dry =
(𝐻𝐻𝑉𝑑𝑟𝑦 ×238.85)−600×

9𝐻

100

238.85
                                (13) 

𝐸𝐷 = 𝐻𝐻𝑉 ×
𝐻𝐻𝑉 ℎ𝑦𝑑𝑟𝑜𝑐ℎ𝑎𝑟𝑑𝑟𝑦

𝐻𝐻𝑉 𝑠𝑙𝑢𝑑𝑔𝑒𝑑𝑟𝑦
                                   (14) 

𝐸𝑌 =  𝑀𝑌 × 𝐸𝐷                                                             (15) 

 

HHV = Higher heating value (MJ/kg) 

MC = Moisture content (%) 
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LHV = Lower heating value (MJ/kg) 

H = Hydrogen content (%) 

ED = Energy densification (%) 

EY = Energy yield (%) 

MY = Mass yield (%) 

 

The Fourier-transform infrared spectrophotometer is used to determine the functional groups 

and identify the spectra of the chemicals in infrared wavelengths and the adsorption bands 

of the substances (Kowalski et al., 2018). This FTIR was conducted in a PerkinElmer 

Frontier. Diamond crystal attenuated total reflection (ATR) standard was applied between 

400 to 4000 cm-1 with a resolution of 4 cm-1 to check the differences in the chemical bonds 

present in the sample (Banks et al., n.d.).   

Thermogravimetric analysis (TGA) was carried out with Netzsch-Gerätebau Jupiter STA 

449C thermal analyzer. The analysis of the changes in weight in the samples with controlled 

temperature and time in an optimum atmosphere was measured. High-purity nitrogen gas 

for pyrolysis and compressed air for combustion experimented with a constant flow rate of 

250 ml/min.  The weighing range of this analyzer is around 5000mg, but 10mg of the sample 

was inserted in the aluminum oxide sample holder. To remove air, high-purity nitrogen was 

rinsed with, and the furnace was closed. Although the temperature range varies from -120°C 

to 1650°C, the sample was heated to 900°C from room temperature at a rate at 20 K/min. 

The heating rates vary from 0.01 K/min to 50K/min depending on the furnace. (Evisa, n.d). 

The working principle behind the TGA is gradually increasing the temperature of the sample 

as simultaneously its weight is measured with an analytical balance, thus verifying thermal 

transitions occurring in the sludge. The samples were pre-dried in an oven overnight at 105° 

C ± 10°C.  

To examine the morphology of the sludge samples, a Hitachi SU3500 microscope was used 

for scanning electron microscopy (SEM), with a backscattered electron detector (BSE) to 

capture the images. The SEM images are captured with magnifications of 50 µm, 100 µm,  

and 200 µm. 
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4.4  Biogas Characterization  

The composition of biogas was measured by using gas chromatography. A gastight syringe 

was used to collect the samples and acetone was used to rinse the syringe to avoid clogging 

by foreign particles. This biogas characterization method is commonly used with AD 

processes. 

5  RESULTS AND DISCUSSION  

5.1  Biosludge Characterization 

Table 4 displays the solid and liquid characterization of the studied bio-sludge. The 

parameters of the solid properties – such as proximate analysis, and ultimate analysis, and 

heating value of the bio sludge, were studied. 

                                   Table 6: Bio sludge Characterization. 

Parameters Äänekoski UPM Stora Enso 

Proximate Analysis (% weight) 

Mass Yield    

Ash (db) 27.5 14.99 28.14 

Volatiles (db) 64.64 65.79 70.94 

Moisture Content 89.63 94.71 99.50 

Fixed Carbon(db) 7.82 19.21  0.92 

Ultimate Analysis (% weight, db) 

C 37.18 43.99 44.40 

H 5.33 5.89 5.42 

N 4.45 5.47 3.90 

O 23.20 27.34 6.60 

O/C 0.46 0.46 0.11 

H/C 1.70 1.59 1.45 
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Heating Value (MJ/kg, dry)  

HHV 17.69 18.41 12.46 

LHV 16.52 17.12 11.27 

db-dry basis 

 

 

The proximate analysis was done to analyze the ash, volatiles, moisture, and carbon content 

of the sample. Depending on the type of mill, the ash content of the sludge ranges from 10-

50 wt % (Park et al., 2022). Comparing the three samples, Stora Enso out of all had the 

highest ash content, indicating that the bio sludge contained more inorganics than the others. 

The bio sludge was taken from a mill in Imatra, where the primary products produced are 

consumer boards, pulp and paper coating, and biomaterials. Thus, making them more 

contaminated and with a high content of inorganics. The bio sludge from UPM Kaukas mill 

has more organic content, as the products produced include softwood, hardwood pulp, and 

biofuels. The sample from the Äänekoski plant had a moderate ash content of 27%, as the 

sample was collected from a biogas plant. However, the samples exhibited a high amount of 

ash, compared to the results from (Banks et al., 2021). Overall, the high ash content is 

contributed by the high concentration of inorganic compounds, inhibiting the combustion 

efficiency (Assis & Chirwa, 2021b). Regarding volatiles, Stora Enso exhibits higher volatile 

content than the other two due to the presence of high inorganic compounds and very low 

fixed carbon (FC) content respectively, making it undesirable for energy purposes. The 

results were similar to (Assis & Chirwa, 2021b)indicating a higher percentage range of 

volatiles in bio sludge, ranging from (76 – 77%) and the corresponding FC percentages were 

between 7.82 and 19.21 (%wt). Stora Enso and Äänekoski showed extremely low 

percentages of FC as a consequence of their high volatile content (Coimbra et al., 2015), 

while the sample from UPM Kaukas exhibited high FC content as the sludge contained more 

organic compounds.  Furthermore, in accordance with (Yoh et al., 2020) the FC content 

decreased, with an increase in the moisture content.  

The moisture content for the three samples was 89%, 94%, and 99.5% respectively. Bio 

sludge has a high water-holding capacity and has higher inherent moisture than primary 

sludge. Moisture content has substantial importance for the energetic use of the sample, high 
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water content lowers the useful effects of heat. (Assis & Chirwa, 2021) reviews that sludges 

with 30% to 50% moisture are not desired for thermal processes like incineration, and 

pyrolysis as the presence of water affects the calorific value, because when the biomass 

contains a significant amount of water, the energy released during combustion is used to 

vaporize that water, rather than solely increasing the temperature of the burning biomass. 

According to (Latva-Somppi & Valtion, 1998), the high ash and moisture content of the wet 

paper and pulp mill sludge makes the heating value of the sludge low, which then makes 

them less compatible to support combustion. The higher moisture content biomass has a 

lower net energy density by volume owing to the energy required to evaporate the water and 

decreases the combustion efficiency.  

The higher heating value of the sludge (calorific values) was measured on a dry basis. HHV 

indicates the total amount of heat present including the latent heat of water vaporization, 

while LHV excludes the latent heat of vaporization. The samples were found to have high 

HHV values (17.69 MJ/kg, 18.41 MJ/kg, and 12.46 MJ/kg). According to (Martinez et al., 

2021a) low H/C and O/C ratios have a significant effect on high HHV values.  

 

 

Figure 15: Proximate analysis and HHV of the bio sludge. 

 

 

10

12

14

16

18

20

0

20

40

60

80

100

Anekoski UPM Stora enso

H
ea

ti
n

g 
V

al
u

e 
(M

J/
kg

)

C
o

n
te

n
t 

(%
)

Sample

Proximate Analysis

Ash Content Volatile content Fixed Carbon HHV



45 

 

Figure 16 reports the amount of carbon, hydrogen, nitrogen, sulfur, and oxygen in the bio 

sludge. Generally, bio sludge contains higher amounts of C, H, N, and S than primary 

sludge. This is because the nutrient concentration in the bio sludge differs in different 

pulping methods and levels of decomposition by the microorganisms (Kaur et al., 2020). 

High levels of carbon were exhibited (37 – 45%), where an average range of C content was 

noted between 28.4 – 39.3% (Jele et al., 2022), which when compared with literature 

reviews resulted in a great source of energy (Kaur et al., 2020). The presence of organic 

fibrous materials attributes mainly to the presence of high carbon and hydrogen content. 

The trends of H and N content were similar with(Kaur et al., 2020), stating the reason for 

low H is that secondary-sludge hold low amounts of carbohydrate which are used by 

hydrogen-producing bacteria (Lu et al., 2012). Very low traces of N were found, making it 

a low-risk case for NOX emissions, if incineration is required. The sulfur content was 

obtained from the literature review (Martinez et al., 2021), similar to those from (Coimbra 

et al., 2015). The microbes convert the organic compounds into carbon dioxide, water, 

sulfate, and nitrate compounds, marking the S content higher in bio sludge. Stora Enso had 

much lower concentrations of O (6.6%) than Äänekoski (23.2%), and UPM (27.3%), 

which was analyzed from the ash content mentioned before. This can be due to the limited 

oxygen supply in the wastewater treatment plant or maybe the organic content led to a 

faster depletion of oxygen and also because of the low aeration in the sample. The high 

oxygen content of the samples is attributed to the poor combustion conditions of the 

sample (Coimbra et al., 2015). The H/C and O/C content varied between (0.11 – 0.47%) 

and (1.4-1.7%) respectively.  
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Figure 16: Ultimate analysis of the bio sludge.  

 

The FTIR images of the bio-sludges are shown in Figure 17. Generally, bio sludge contains 

certain amounts of lignin, hemicellulose, cellulose, lipids, and proteins. Several peaks were 

obtained during the graph and the peaks were checked with corresponding bonds and 

functional groups. The IR spectra in the 4000 cm-1 to 500 cm-1 range were collected for 

three different samples, Äänekoski, UPM, and Stora Enso. The bio sludge contains kaolinite 

in the range of ~3620 to 3695 cm-1 in accordance with (Niinipuu et al., 2020). The O-H and 

C-H stretching was observed in the wavelength range of ~3400 cm-1, 2925 cm-1, and 2850 

cm-1 (Smidt & Meissl, 2007). The bands around ~3600 cm-1 and 3200 cm-1 can be associated 

with the hydroxyl groups of cellulose, which arise from microcrystalline cellulose (Hirvelä, 

2018). 

Aliphatic compounds (ether and acid groups) were identified in the wavelength range around 

~3000 cm-1 to 2800 cm-1, i.e., the C-H group (Méndez et al., 2009). (Hirvelä, 2018)identified 

that these structures( aliphatic and ether) and acid groups are formed during higher treatment 

times, thus degrading the C=O bond which includes aldehydes, ketones, carboxylic acids, 

and esters. The peaks between the range of 1740 cm-1 to 1640 cm-1 indicate aldehyde, ketone, 

esters, and carboxylic acids. This indicates the presence of C=O and aromatic C=C bonds. 

The presence of lignin is observed at 1500 cm-1 for aromatic C=C bonds.  
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However, the cellulose references were observed at ~1126 cm-1 for C-O-C, C-O, and O-H 

bonds, where the C-O stretch is because of the glycosidic linkages between the sugars 

(Hirvelä, 2018). The bands closer to 1270, and 1110 cm-1 are assigned to C-O-C. Several 

peaks were absorbed at ~1030 cm-1, with similarities to (Niinipuu et al., 2020), as the peaks 

were associated with C-O- linkages in cellulose. While the absorption band at 870 cm-1 could 

be attributed to the glucose bond C-O-C (Méndez et al., 2009). The presence of both 

cellulose and lignin was seen in this sludge around ~1500 cm-1 and ~1150 cm-1 region. Some 

inorganic sulfates, S-O were also identified in the wavelength range of 1140-1080 cm-1 

(Smidt & Meissl, 2007). Table 4 depicts detailed and clear information on the bands and the 

associated functional group. 

 

Table 7: Position and observation of the bio sludge FTIR Spectrum (Niinipuu et al., 2020; Smidt 

& Meissl, 2007)  

Wavelength (cm-1) Band assignment Functional group 

3400 - 3200 O-H Stretch Hydroxyl groups of water 

(Bonded and non-bonded) 

2925 - 2850 C-H Stretch  Aliphatic Methylene 

1640  C=O Carboxylates, Amide I 

1600-1590 C=C Aromatic Rings 

1550 - 1548 N-H  Amides II, protein structure. 

1250-900 C-O-C, C-O Cellulose, polysaccharides 

900-650 Aromatic CH Aromatic CH deforming 

 

 

In order to analyze the results and the similarities between the two samples, the FTIR 

results of carbonated bio sludge material (Hirvelä, 2018) were compared with the samples 

of Äänekoski, UPM, and Stora Enso. Similar bonds were observed for both samples in the 

same spectra range. However, the accuracy of the bonds is hard to expect due to the 

similarities in the functional groups of the polysaccharides derived from the 

microorganisms (Hovey, 2016).  
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Figure 17: FTIR analysis of the bio sludge. 

 

The process of TGA goes through three stages, such as dehydration, de-volatilization, and 

carbonization in the presence of nitrogen gas. (Ma et al., 2018; Tsai et al., 2009) in their 

study examined that the first stage, dehydration is observed between 30 - 120° C, where free 

water is released, that is evaporation of moisture and volatiles occurs followed by a DTA 

peak. The second stage corresponds to de-volatilization, which is observed between 200-

400° C and the weight losses observed in this stage are mostly due to the decomposition of 

hemicellulose, and cellulose. The last stages mostly relate to weight loss between 490-1000° 

C which corresponds to the thermal degradation of lignin and volatile matters.  

To summarize, the utmost weight loss between 200 - 1100° C is associated with the sludge 

volatilization and char oxidation process (Zheng & Kozin´ski, 1998) . In the case of air, the 

carbonization is substituted by combustion (352 - 780° C), where the unreacted sludge fibers 

decompose to release CO2. The thermal processes of the bio sludge are given in Table 6. 
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Table 8: Thermal processes of the bio sludge in the TGA process. 

Temperature (°C) Weight loss (wt%) Process 

25 - 130  0-5  Evaporation of moisture 

240 - 450  45-80 De-volatilization 

400 - 600 0-5 Formation of char 

600 - 700 0-3 Char oxidation, CaCO3 

decomposition 

 

800-1100 0-1 Metals reduction and 

volatilization of copper, 

lead compounds 

 

From the TG graph (Fig 18) below, the foremost weight loss is mostly due to the evaporation 

of moisture to almost 120° C and the release of gases (CH4 and CO2) was absorbed from 

200-450° C as same as in the study by (Zheng & Kozin´ski, 1998). The volatile matters 

present in the bio sludge tend to be volatilized after 450° C. Hydrocarbons, CO2, and H2O 

present in the sample started to decline after a rise in the temperature to 550° C marking the 

formation of char particles. Although the TG graph of the three samples was similar and co-

related with each other depicting dehydration, de-volatilization, and carbonization around 

relative temperatures, however, it is difficult to have an accurate boundary between these 

stages as the phases of evaporation of moisture, de-volatilization, and formation of char are 

constantly overlapping (Zheng & Kozin´ski, 1998).  

A weight loss of 9.5% was observed due to the evaporation of moisture in the first stage of 

about 22 to 240° C, very close to (Mahapatra et al., 2021) Most of the loss was observed in 

the range between 250° C to 100° C, which related with (Rodrigues et al., 2021; Zheng & 

Kozin´ski, 1998), due to the thermal degradation of the primary components (cellulose and 

hemicellulose) of the biomass and char oxidation processes resulting in the major weight 

loss percent. Almost 50% loss was observed in the second temperature range. Higher 

temperature range results in the thermal degradation of hemicellulose and because of its 

higher thermal stability, cellulose degrades around 375° C. 
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Figure 18: TG of bio sludge. 

In the DTG curve (Fig 19), the combustion reactivity of the samples can be extracted from 

the DTG peak height with the respective temperature range. Nitrogen and air could be 

explained by two regions, one from 22 to 550° C and the other from 550 to 800° C. In the 

first region, small peaks were plotted in the graph. The first range of peaks was observed 

between the range of 250 to 400° C, in correspondence to (Zheng & Kozin´ski, 1998) which 

explains both the evaporation and volatilization process. The second peak was observed 

above 600° C, where loss is observed due to the degradation of volatile matters. 
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Figure 19: DTG of bio sludge 

 

Activated sludge, includes both aerobic and anaerobic microorganisms such as bacteria, 

fungi, and archaea. Figure 14 (a) image shows the SEM analysis of the UPM bio sludge with 

a magnification of 50 µm. The white, polished particles are mostly inorganic compounds or 

contaminants. It is very common as the secondary sludge has a greater concentration of trace 

elements than the primary sludge. However, the large center organism present was identified 

as the shell of testate amoebae. These organisms are more dominant in sludges with low 

loading and long retention times and are more common in plants with long sludge ages as 

these testates have low growth rates (Madoni~, 1994). The microorganism in Figure 20 (a) 

was also observed in the study of (Banks et al., 2021), where it was identified as Euglyphids, 

unicellular organisms which is one of the groups of testate amoebae (Adl et al., 2005) which 

are commonly found in wastewater treatment plants, also including activated sludge. The 

outer covering (shell) protects them from environmental conditions.  
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         Figure 20: SEM image of UPM bio sludge (a)         Figure 20: SEM image of UPM bio sludge (b)    

                                                                   

       Figure 20: SEM image of UPM bio sludge (c)                Figure 20: SEM image of UPM bio sludge (d) 

The SEM analysis of Äänekoski showed different fibrous structures and different 

microbes. The microbes identified in this sample belonged to the group of testate amoebae. 

The figure on the top right side was similar to Arcella, a genus of testate amoebae. 

Literature reviews list that testae amoebae commonly eat cellulose and lignin and are 

commonly found in systems of low organic load (Tomasini Ortiz et al., 2009) . Figure 

21(c) indicates the presence of fibrous morphology in the sample, consisting of long fibers.  
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Figure 21: SEM image of Äänekoski bio sludge(a)       Figure 21: SEM image of Äänekoski  bio sludge(b) 

 

        

Figure 21: SEM image of Äänekoski bio sludge(c)        Figure 21: SEM image of Äänekoski bio sludge(d)       

  

Similar to the previous samples, testate amoebae, and long fibers were identified in this 

sample (Stora Enso). Compared with the literature review (Tomasini Ortiz et al., 2009), the 

microorganism in Figure 22 (c) was identified as Euphlypha rotunda, ranging from 50 - 60 

µm and figure 22 (d) was similar to Trynema enchelys.  
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Figure 22: SEM image of Stora Enso bio sludge (a)       Figure 22: SEM image of Stora Enso bio sludge (b)        

 

   

Figure 22: SEM image of Stora Enso bio sludge (c)       Figure 22: SEM image of Stora Enso bio sludge (d)        
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Table 9 displays the liquid characterization of the studied bio-sludge. The parameters of the 

liquid properties – such as pH, inorganic, organic, total organic carbon, and COD were 

studied. 

 

Table 9: Liquid Characterization of the bio sludge. 

Parameters Äänekoski UPM Stora Enso 

 

pH 6.67 6.73 6.86 

NVR 0.36 0.23 0.03 

Inorganic (g/kg) 0.09 0.03 0.01 

Organic 0.26 0.20 0.02 

TOC (mg/L)   -- 5.76 46.08 

TC (mg/L) -- 20.58 64.98 

IC (mg/L) -- 26.35 18.9 

COD (mg/L) 5600 7700 3200 

 

 

pH is considered as one of the most important parameters in analyzing the biogas yield and 

it also affects the activity of the microorganisms in the bio-sludge. (Jayaraj et al., 2014) in 

their review outlined that substrate with a neutral pH (7) showed greater results in biogas 

production as the pH alters the activity of the microbes to degrade the organic matter into 

biogas. Methanogenic bacteria, which are archaeal microorganisms and the most sensitive 

microbes in the reactor (Niero et al., 2022) are almost most likely to be inhibited by the 

decrease of the pH in the digester and tend to survive in neutral to slightly alkaline pH. 

Overall, the optimal pH of the anaerobic process evolves around 6.8 – 7.2. During the bio 

sludge digestion, the pH of the sample fluctuated between the pH of 6.62 – 6.65. Non-

linearity and the time delay mark the two main reasons for maintaining the pH in a treatment 

system (KANG et al., 2009). Neutralization of the sample can be achieved by either adding 

a strong base (NaOH) or a strong acid (HCL). However, operating the process at a low pH 

has a significant effect on biogas production.  
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The optimal pH of bio sludge from the paper and pulp industry is expected to be alkaline, 

around 7.0 – 8.0. This is because the chemical conditions involved in the production of paper 

are highly alkaline. However, the samples from UPM and Stora Enso exhibited a pH of 6.73 

and 6.86, respectively. This might depend on the type of raw material used and also different 

manufacturing processes. Figure 23 explains the pH variation in this study among the three 

samples analyzed. 

 

 

Figure 23: pH of the bio sludge. 

 

Figure 24 depicts the total organic carbon, total carbon, and inorganic carbon content of the 

bio-sludge. The total organic carbon is the difference between total carbon and inorganic 

carbon. The results show that Stora Enso showed higher levels of Total organic carbon and 

Total carbon than UPM, as the sample from Stora Enso was mainly involved with pulp and 

polymer coat production and biomaterials. The high TOC content in Stora Enso illustrates 

that the sample can act as a source of carbon (Martinez et al., 2021). Whereas UPM was 

much associated with paper and pulp mills. Commonly, secondary sludge has lower total 

organic carbon than primary sludge as bio sludge is more mineralized and has less fiber 

quantity (Ribeiro et al., 2010).  

The TOC of the bio sludge was in accordance with (Banks et al., 2021), however, the TC 

and IC were thrice the percentages of the original results obtained. The organic content is 
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low in secondary sludges because as mentioned above in the TOC discussion, bio sludges 

are more mineralized. The NVR consists of solid, and non-volatile substances dissolved in 

the liquid. This characterization is important to determine the cleanliness and purity of the 

liquid, because, in certain applications, these impurities may have a negative impact on the 

final product.  

 

 

Figure 24: TOC, IC, and IC of the bio sludge. 

 

5.2  Anaerobic Digestion 

5.2.1  Biogas yield and composition 

 

For the biogas production, the Äänekoski sample was maintained in the digestor at a 

mesophilic temperature of 38° C constantly for almost 90 days. The biogas yield observed 

after 24hrs was about 50 ml and in the next 48 hours a drastic increase of 107 ml was 

observed. This was due to both internal and external parameters, for example, the stirrer. In 

the initial runs, the stirrer with an impeller speed of 50rpm was used, although the literature 

reviews demonstrated a positive review of the stirrer, in this study contrary results were 

observed. (Bakhshwan et al., 2015) mentioned that continuous mixing was not necessary 
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and was observed inhibitory at high loading rates. Higher methane percentages were noticed 

in the case of occasional mixing instead of continuous mixing.  

(Stroot et al., 2001) with intermittent mixing observed an increase of 7% in biogas yields 

was obtained. Reviews on the effect of stirring have been varying, however in this study, the 

stirrer was not in use after the first run, and a substantial increase in yield was observed in 

the consecutive runs. It can be concluded that mixing had no effects on the yield, this can be 

based on the dilution of the sludge and the viscosity. In order to depolymerize the organic 

acids, anaerobic bacteria need to be attached to the surface which can be disrupted, if 

continuous stirring is applied (Chaoui & Richard, 2008).  

The microbes in the digester play a major role in producing high-quality biogas. The AD 

setup was operated under the influence of sunlight, and it was observed that the 

microorganisms were photo sensible. The studies on the effect of light on the microbes are 

very addressed, as the anaerobic digestion process subjected to biogas production normally 

operates in dark conditions (Abendroth et al., 2020). The microbes play a vital role in 

improving biogas production in terms of both quality (CH4: CO2 ratio) and quantity (yield). 

The pH of the digestate fluctuated between 6.3 – 6.9 during the initial days and retained a 

constant pH of 6.3 during the end of the process, indicating the dominance of the acidogenic 

stage. The pH reach of 6.9 marks the dominance of methanogenic bacteria, thus exhibiting 

higher yields of methane. The obtained biogas was a mixture of methane (CH4; 75% of the 

total volume) and carbon dioxide (CO2; 16%) and the rest was oxygen (O2; 9%). The results 

obtained were in range with (Bakraoui et al., 2020) where the average biogas composition 

was 73 % of CH4, 19.76 % of CO2, 0.9 % of O2, and 6.18% of other components. For the 

production of high-quality biogas, the CH4: CO2 ratio is one very important criterion. It 

varies depending on the substrate composition, the type of digester used, and also factors 

like temperature and pH.  The COD of the digestate after two weeks of the AD process was 

4612 mg/l and was similar to (Bakraoui et al., 2020), where the COD of papermill 

wastewater varied between 3380–4930 mg/l.  
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Figure 25 presents the principal component analysis (PCA) of the proximate analysis of the 

bio sludge. The bio sludge samples are mostly high in ash and volatile content and exhibit 

very low FC content. Samples 1 (Äänekoski) and 3 (Stora Enso) fall in the region closer to 

the ash content while others are more diverse. Lower ash content in the samples denotes 

suitable combustion properties. Samples 3 and 4 (UPM) showed high content of volatiles, 

which results in better ignition properties leading to good higher heating values and making 

them the best for use for energy purposes. Figure 26 shows the PCA of the elemental analysis 

of the bio sludge. A correlation of sample 2(UPM) and 4(Banks) was observed for hydrogen, 

carbon, and oxygen content which indicates the presence of organic fibrous materials. 

Sample 3 has a relatively low oxygen content than others, the reason might be due to the 

limited oxygen supply in the wastewater treatment plant. The factors of PC1 are 

characterized by low oxygen content and high C and H levels similar to (Sermyagina et al., 

2021) ,which can be concluded as high energy performance of the sample. This implies the 

high potential of energy production from the biomasses. 

 

 

                                  Fig 25: PCA of proximate analysis. 
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                                      Fig 26: PCA of ultimate analysis. 

 

5.2.2  Digestate treatment with HTC 

 

The digestate from AD was fed into the HTC and the experiment was performed at an 

optimum temperature and time of 200 and 60 minutes. Banks et al.(2021) found that 200°C 

and 60 minutes are the optimum temperature and time as the best yield performance were 

observed. The digestate used in the HTC is the sample from Äänekoski, as this sample is 

collected from a biogas plant and showed better results in the solid and liquid 

characterization. The experiment was run twice in the same conditions. Table 8 shows the 

HTC characterization of the digestate. 
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Table 10: HTC characterization of the bio digestate. 

 

Parameters Äänekoski 

pH 7.0 – 7.2 

Volume of digestate (ml) 200 

Volume of water (ml) 400 

Initial mass (g) 433.64 

Final mass (g) 20.78 

Initial water (ml) 566 

Final water (ml) 461 

Mass yield (%) 61.77 

Liquid yield (%) 81.39 

Ash Content (%wt) 21.28 

Volatiles (%wt) 37.04 

 

The digestate is known to have high moisture content, which was 83.19% in this study and 

was lower than the initial raw sample. The pH for HTC is generally less than 4.5 but in the 

case of an anaerobically digested sludge sample, it tends to be alkaline, because of the high 

buffering capacity of the digestate (Langone & Basso, 2020). The HTC temperature can 

influence the pH, due to organic acids generated during the HTC process (C. Aragón-Briceño 

et al., 2017). The liquid yield was 81.39 % and the mass yield obtained in this study was 

61.77%, which was close to the value reported by (C. I. Aragón-Briceño et al., 2020). The 

% of solids was considered as a parameter to determine the water and sludge content to be 

loaded in the vessel. The ash content of the sludge decreased from 27.53% to 21.28% after 

the HTC process. This is because the inorganic elements are released and dissolved during 

biomass degradation in the HTC process (Wilk et al., 2022). The volatiles observed in this 

study were much lower than those (Banks et al., 2021), the decrease might be due to the 

decomposition of cellulose and hemicellulose-producing gases like CO, and CO2 (Saha et 

al., 2019). The hydro char has several applications besides heat production like energy 

applications, soil fertilizers, adsorption agents and can also be used in fuel applications. 

Studies have also mentioned their industrial applications, like organic acids and phenols. 

Hydro char tends to decrease the N2O emissions from soil and they can be used as fertilizers 
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or also can be added to soil to enhance the effects of fertilizers. This hydro char can also be 

used directly as solid fuels or also to synthesize fuel cells. Overall, hydro char has immense 

potential which can be applied to a variety of applications (Fang et al., 2018). 

 

6  CONCLUSION 

In this thesis, the treatment of bio sludge from P&P industries with AD and HTC was 

investigated and the experimental study was conducted in a laboratory scale. Three samples 

(Äänekoski, UPM, and Stora Enso) were used for this study and the solid and liquid 

characters were observed. There were certain factors like stirring effect and photo-sensible 

microorganisms which initially slowed down the process. To enhance biogas production, 

carbon source was added as food for the microorganisms. The production of biogas is usually 

operated in dark conditions and the mixing effect has no impact on the sludge, correcting 

these two parameters led to efficient biogas production. Utilizing bio sludges as feedstock 

helps in capturing methane, which would get away in the atmosphere when it decomposes. 

The digestate from the AD was fed into HTC, producing hydro char with more valuable 

properties. Unlike other treatment methods, HTC does not require high-energy intensive 

drying and the hydro char from HTC can be utilized as biofuels and in energy production. 

Furthermore, HTC treatment aided in improving the physical and chemical properties of the 

bio sludge, making it a valuable source of potential applications (energy and power sector). 

Overall, Anaerobic digestion coupled with HTC showed effective ways and results for the 

production of biogas and also other high-value products.  
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