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SAMMANFATTNING 

 

Massa- och pappersindustrin är en verksamhet som årligen producerar stora mängder avfall. 

Förutom bark som är en restprodukt produceras även stora mängder slam från de olika delarna av 

industrin. Bioslam kallas det slam som kommer från den biologiska avloppsvattenreningsprocessen 

och är känt som ett särskilt problematiskt avfall. Det är av intresse att sänka mängden slam från 

pappersmasseindustrin, alternativt hitta nya sätt att hantera slammet. Det vanligaste sättet att 

behandla slam från massa- och pappersindustrin är genom intern förbränning i industrins barkpanna. 

Slam är emellertid svårt att avvattna och gör ofta mer skada än nytta när det förbränns i pannorna. 

Olika tekniker för att försöka avvattna slammet har undersökts tidigare, en som det nyligen börjat 

rapporteras om är hydrotermisk behandling. Tekniken som beskrivs i denna uppsats kallas på 

svenska för hydrotermisk karbonisering (HTC) som använder vatten som reaktionsmedium för att 

förvandla slam till ett kol-liknande material som kallas hydrokol. Hydrokolet har ett högre 

värmevärde än det ursprungliga slammet och är mer hydrofobt vilket gör det lättare att avvattna. 

 

Detta examensarbete beskriver tekniken bakom HTC-processen och presenterar några av de senaste 

artiklarna inom området. Olika typer av restslam från massa- och pappersindustrin presenteras innan 

integreringen av en HTC-process på bioraffinaderiområdet i Domsjö, Sverige, diskuteras utifrån 

tidigare publicerade artiklar. En undersökning angående slam från industrier längs med 

Norrlandskusten genomfördes för att undersöka om avfallsmaterial liknande det från Domsjö-

området finns tillgängligt inom 500 km. 

 

Resultaten visar att en HTC-process kräver energi i form av ånga och/eller el. En tidigare genomförd 

pinch- och TSA-analys visar att den mest lättillgängliga ångan på Domsjö bioraffinaderiområde, 

som de flesta apparater och processteg använder, är på 7 bar. Det finns även ångnivåer på 20 

respektive 32 bar på området, vilket är inom det spann en HTC-anläggning kräver. Processvattnet 

från HTC-anläggningen kräver ytterligare behandling, vilket innebär en högre belastning på den 

befintliga vattenreningsprocessen. I Domsjöområdet produceras årligen 6000 ton bioslam. Flera 

HTC-företag tillverkar enheter som normalt behandlar 20000–50000 ton slam per år, vilket indikerar 

att externt slam kan adderas för att nå full kapacitet. Undersökningen visade att det finns liknande 

material tillgängligt längs med Norrlandskusten. En slutsats är att ytterligare undersökningar rörande 

det aktuella slammaterialet måste göras innan verkliga områdeskonsekvenser kan beräknas. 
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ABSTRACT 

The pulp and paper industry (PPI) is a business that produce large amounts of residues annually. 

Besides bark, large quantities of sludge are produced from the various parts of the industrial process. 

The sludge that comes from the biological wastewater purification process is denoted biosludge and 

is known as a particularly problematic waste product. It is of interest to reduce the amount of sludge 

from the PPI or to find new ways of handling the produced sludge. The common way to treat the 

PPI sludge is by incineration in the site’s bark boiler. The material is however difficult to dewater 

and often does more harm than good in the boilers. Different technologies to try and dewater the 

sludge further have been investigated previously, one that has recently been noted is hydrothermal 

treatment. The technology described in this thesis work is called hydrothermal carbonization (HTC) 

which uses water as a reaction media to turn the sludge into a coal-like material called hydrochar. 

The hydrochar has a higher heating value than the initial sludge and is more hydrophobic which 

makes it easier to dewater. 

 

This Master’s thesis describes the process technologies of the HTC process and presents some of 

the recent work done within the area. The properties of different residues from the PPI are presented 

before the integration of an HTC process on the biorefinery site in Domsjö, Sweden is discussed 

using previously published articles. A survey concerning sludge from industries within a 500 km 

range of the Domsjö biorefinery site is made to investigate whether residual streams similar to the 

ones at the Domsjö site are available in the vicinity. 

 

The results show that an HTC process demands energy in the form of steam and/or electricity. A 

previously made pinch and total site analysis show that the most accessible steam at the Domsjö 

biorefinery site, that most appliances and process steps uses, is at 7 bars. There are also steam levels 

of 20 and 32 bar in the area, which is within the range an HTC plant requires. The HTC process 

water demands further treatment which puts an extra stress on the already existing water purification 

process. The Domsjö biorefinery site produces 6000 tonnes of biosludge per year. Several HTC 

companies produce units that normally treat 20000-50000 tonnes of sludge per year, which indicates 

that additional sludge could be added to reach full capacity. The survey shows that there are similar 

materials available in the surroundings. It is concluded that further investigations concerning the 

sludge materials must be made before real implementation consequences can be calculated.  
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1 INTRODUCTION 

Forestry and forest-based industries generate several feedstock assortments and often large amounts 

of residues, such as bark and different sludge containing high shares of organic material. Bark is 

typically dewatered and combusted, which represents a low-value utilization and there are today 

difficulties in finding utilization for all bark. Handling of sludge is even more problematic since it 

is typically difficult to dewater. At present, the most common handling methods for pulp and paper 

industrial sludge is incineration, composting, and landfill disposal. Through composting, 

increasingly costly and generally prohibited deposition can be avoided, but processing footprints are 

large and the product value low, if paid for at all. Common practice today is to incinerate wet sludge 

with low or even negative net recovery of useful energy and with negative effects on the combustion 

process such as increased flue gas flow and reduced flame temperature. If the industry has no 

possibility to incinerate the sludge, it must be sold to external companies for disposal which results 

in an additional handling cost. 

 

Using hydrothermal processes, such as hydrothermal carbonization (HTC) or hydrothermal 

liquefaction (HTL), wet waste can be converted into more useful forms, such as hydrochar or bio 

oil for use as fuel or as feedstock for further upgrading into advanced chemicals and materials. This 

can lead to cost savings, new business development, reduced environmental impact and increased 

energy efficiency. 

 

It is therefore interesting to study alternatives for integration of hydrothermal processes at a forest 

industrial site, primarily for upgrading of residue streams but, potentially also for conversion of 

higher-value feedstock. There is also an interest in identifying new biorefinery processes that would 

fit well together with the existing activities on the industrial site. 

1.1 OBJECTIVES 

The objective of this Master’s thesis was to study alternatives for integration of the hydrothermal 

process hydrothermal carbonization (HTC) at the Domsjö biorefinery site in Örnsköldsvik, Sweden. 

Existing technologies for the hydrothermal processes concerning treatment of residual streams were 

investigated. The HTC technology regarding the pulp and paper industry (PPI) was further 

researched. Previously made mass and energy balances were presented and connected to the Domsjö 

biorefinery site.  

1.2 RESEARCH QUESTIONS 

Main questions addressed by the project: 

 

• What could be the overall system consequences of integration of the hydrothermal 

carbonization process on the Domsjö biorefinery site, compared to previous work? 

• Which forest-based feedstock streams are available on the site and how could these streams 

be upgraded using hydrothermal carbonization? 

• Which forest-based feedstock streams with similar properties are available along the 

Swedish north-east coastline within a 500 km radius from the Domsjö biorefinery site? 
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2 DESCRIPTION OF THE HYDROTHERMAL PROCESSES 
AND THE PULP AND PAPER INDUSTRY (PPI)  

This chapter will first introduce the different hydrothermal processes and their individual properties. 

Following, some challenges and residual streams concerning the pulp and paper industry (PPI) in 

general (Chapter 2.2) and the Domsjö biorefinery area (Chapter 2.3) will be discussed. Finally, 

previous work concerning the hydrothermal carbonization (HTC) process in the PPI will be 

presented in Chapters 2.4 and 2.5. 

2.1 HYDROTHERMAL PROCESSES 

Hydrothermal processes have been studied since the latter part of the 19th century. Friedrich Bergius 

was a pioneer in high pressure chemistry and was in 1913 the first to describe the hydrothermal 

processing of biomass. He explained how synthetic fuel could be produced by hydrogenation of 

brown coal. The fuel was extensively used by the Germans during World War 2 when they were 

denied access to petroleum resources. In 1931, Bergius was awarded with the Nobel Prize in 

Chemistry for his work. After this, the technology got little acknowledgement until it was 

rediscovered at the beginning of the 21st century. [1, 2] 

 

The hydrothermal process simulates the natural process that turns organic waste to coal and crude 

oil, which normally takes millions of years. Nearly a century of technology development has 

accelerated the process down to merely a few hours [3].  The aim of the hydrothermal process is to 

raise the carbon content of biomass to achieve a higher calorific value. It is a thermochemical 

conversion process where biomass is treated with hot, pressurized water as a reaction media. The 

pressure is added to avoid boiling of the solvent water. Besides converting biomass into a more 

energy dense material, the hydrothermal process also sterilizes bioactive containments in sludge and 

manure [4]. There are a number of additional advantages compared to other biomass conversion 

processes, Kan and Strezov [5] mentions four: acceptance of wet biomass and feedstock, selectivity 

of products, product separation and energy efficiency. The possibility to use wet biomass and mixed 

feedstock is important since it allows the usage of materials that otherwise are considered 

problematic. Feedstock such as animal manure, sludge, algae and wastewater usually have a 

moisture content higher than 50%. This normally increases the biomass transportation expense, 

demands considerable additional heat during the drying and torrefaction process and contributes to 

environment-related problems such as unpleasant smell, parasites and bacteria. The high moisture 

content is not a problem when it comes to hydrothermal processes since water is used as reaction 

media. The high temperature in the process also kills all biologically active matter in the feedstock. 

Selectivity of products indicates a flexible process that can be altered by regulation of reactor 

temperature and pressure to extract various products. The hydrothermal process is described as 

energy efficient since the heat in the hot exit stream can preheat the feed stream. 

  

During the 21st century, the field has been divided into three main categories: hydrothermal 

carbonization (HTC), hydrothermal liquefaction (HTL) and hydrothermal gasification (HTG). The 

different processes depend on the types of target products and the severity of the operating 

conditions. A high reaction severity is defined by higher temperatures and longer residence times. 

Operating conditions differs between 180-374℃ and 2-33 MPa [6, 7]. Each process will be 

described in the following subheadings. 

2.1.1 Hydrothermal carbonization (HTC) 

The HTC process usually takes place at mild temperatures, below 250℃ and pressures at 2 MPa or 

lower [5]. The residence time vary from a few hours up to several days [8, 9]. The main product is 

called bio coal, HTC coal or hydrochar and is closest in comparison with a low rank coal [7]. By 

filtering or mechanically dewatering the hydrochar, it can reach values of 50-70% dry substance [3]. 

Apart from the hydrochar, some of the biomass is dissolved in the reaction water and some form 

gaseous products, mainly CO2. An overview of the HTC process is presented in Figure 1. High 

temperature HTC takes place at higher temperatures of 300-800℃, which allows special materials 
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to be made [5]. Examples of such materials are carbon nano-tubes and graphitic carbon. Promising 

carbonaceous materials derived from the HTC process and their application areas have been 

described by Hu et al. [10]. The domination of dehydration and decarboxylation reactions make the 

HTC process exothermal [9] although to which extend has yet to be determined. Other reactions in 

the mechanism of HTC are hydrolysis, condensation, polymerization and aromatization. 

 
Figure 1 Schematic view of incoming feedstock and outcoming products of the HTC process. 

In Figure 1, the wet biomass is pumped into the reaction chamber via a preheating tube so that it 

enters the chamber at a temperature around 200℃. Dry, large substrate may have to be mechanically 

pretreated and mixed with water to get a pumpable slurry [11]. Depending on feedstock, the 

residence time varies, but is usually a few hours. When the reaction time has passed, the hydrochar 

and process water are removed from the tank. The hydrochar is dewatered by a filter press down to 

a humidity content of 45-55wt% and can be further treated by thermal drying. The process water is 

either recycled in the HTC process or sent for anaerobic treatment. 

 

A wide range of biomass feedstock has been evaluated for the HTC process over the years. Among 

these are waste materials from the food industry [12, 13, 14], sewage sludge [15, 16, 17] and sludge 

from the pulp and paper industry (PPI) [3, 6, 8, 18, 19, 20, 21]. 

 

No strict, commonly used definition of the HTC process has yet been made. Funke and Ziegler [9] 

do however describe some general operational conditions associated with the process. Firstly, as 

previously mentioned, the HTC process will most likely be implemented in the temperature range 

of 180-250℃, although reactions have been shown to occur as early as at 100℃. Second, liquid 

water must be present for the reaction to take place. Therefore at least saturated pressure must be 

applied. Third, the feedstock must be completely submerged in the process water through the entire 

process. If the feedstock is not submerged, other reactions will take place instead, creating products 

as CO and tars. Fourth, to avoid hydrothermal gasification and the production of gaseous carbon 

products such as CH4 and H2, subcritical conditions of water must be applied. This refers to water 

being between the atmospheric boiling point and the critical temperature (374℃) of water. To keep 

water in its liquid state, pressure must be applied. Fifth, the process water should provide a neutral 

or weakly acidic environment to improve the reaction rate of the HTC process. Sixth, the typical 

residence time vary between 1 and 72 hours, although shorter residence times have also been 

applied. 

 

Different fuels have different composition properties. The significance of O/C and H/C atomic ratios 

of fuels can be illustrated using the Van Krevelen Diagram in Figure 2 where different biomass 

sources are included. The arrow in the figure show that an increased H/C and decreased O/C atomic 

ratio increases the heating value of the fuel [22]. 
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Figure 2 Van Krevelen diagram of H/C and O/C ratio for several solid fuels. Adapted from [22]. 

Conventional fuels like gasoline and diesel have oxygen contents below 1%, biomass commonly 

has an oxygen content of more than 40% [5]. This limits the biomass fuel performance radically. 

The high oxygen levels cause oxidation of the bio fuel and the species formed during the oxidation 

process cause the fuel to eventually deteriorate [23]. This mainly occurs during extended storage of 

the bio fuel and is increased by the presence of air, elevated temperatures or presence of metals [23]. 

A high oxygen level also affects the heating value negatively, which can be seen in Figure 2. The 

oxygen in biomass is reduced through two customary pathways. One is the dehydration reaction 

which removes H2O from the molecules, the other is the decarboxylation reaction which removes 

CO2. Decarboxylation is more frequently used because the formation of the CO2 also removes some 

carbon atoms from the fuel, which increases the H/C atomic ratio of the resulting biofuel [5]. The 

HTC process has been proven to lower the atomic ratios from the area of biomass down to the area 

of lignite, thus making the hydrochar a product more similar with conventional coal. Low O/C and 

H/C atomic ratios decreases smoke, water vapor and energy losses during combustion [24]. Previous 

work has shown that recirculation of the HTC process water can decrease the O/C and H/C atomic 

ratio of hydrochar thus making it more favorable as a solid fuel [25].  

 

The produced hydrochar has many similarities to ordinary coal, but has some differences. Due to 

the hydrothermal dewatering the hydrochar has more functional groups and is more hydrophobic 

than conventional coal. The flexibility of the HTC process gives a variety of promising applications 

of the hydrochar. Besides being used as a solid fuel [24], it can act as an absorbent for processing 

wastewater, carbon fixation, soil amelioration, catalyst support, medicine and gas sensors [5]. Hitzl 

et al. [11] has shown that the hydrochar can have interesting properties as a solid biofuel. They 

produced HTC pellets from hydrochar obtained from garden prunings and the comparison with 

European standard of non-woody pellets for non-industrial use can be seen in Table 1.  

  



 

5 

 

Table 1 Product properties of the HTC carbon as solid biofuel (obtained from garden prunings with a 50% 

humidity). Adapted from [11].  

Parameter Unit HTC carbon EN 14961/6 

Lower heating value 

(LCV) 

MJ/kg >23  

Humidity Wt% 4-8 <15 

Ashes Wt% 2-10  

Ash fusion point ℃ >1200  

Carbon (daf) Wt% >60  

Hydrogen (daf)  Wt% 5.8-6.2  

Nitrogen (daf)  Wt% 0.6-2.0 <2 

Sulfur (daf)  Wt% <0.2 <0.2 

Chlorine (daf)  Wt% <0.2 <0.3 

 

The similarity of the HTC carbon pellet and the conventional non-woody pellet in Table 1 shows 

that the HTC process is a powerful technology which can convert low grade biomass into a high-

density carrier. 

 

Another product from the HTC process is the process water. During the HTC process it acts as a 

medium of heat transfer, solvent and reactant [9]. As a product it contains organic and inorganic 

compounds of various concentrations. The process water is often recirculated in the HTC process 

and therefore contains high concentrations of COD (chemical oxygen demand) and TOC (total 

organic carbon), which has been shown by Wirth et al. [26]. This indicates that the HTC water must 

be further treated before being let out into nature again. It was further shown that the addition of an 

anaerobic treatment step to an industrial-scale HTC plant is economically feasible for COD 

degradation [26]. In a report called the NEWAPP project, the HTC process water was found to 

contain the important macronutrients potassium and ammonia [13]. It does however also contain 

concentrations of some inorganic compounds and must be diluted before being applied to 

agricultural fields. The article concluded that further research must be made both on HTC process 

water content and how agricultural fields would react after a long time of being exposed to HTC 

process water. Phosphorous is a macronutrient that has a high recovery value as soil fertilizer but 

has been found in the hydrochar product instead of the HTC process water [27]. 

 

HTC has been implemented both in batch and continuous processes. It has not been determined if 

one option is better than the other, but the general knowledge of other industrial processes tells that 

continuous processes require less space, gives more uniform products and that the integration with 

other parts of the plant is easier, especially regarding heat integration [3]. The disadvantage of 

continuous processes is more complicated and potentially sensitive input systems for pressurized 

conditions. There is of yet no information if a batch or continuous process would be more expensive 

to install. Several companies promote the HTC process today, using different technology. The 

primary products are coal-like solids as a fuel or soil amelioration products. A selection of them are 

briefly presented in Table 2. 
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Table 2 A summary of a few companies promoting HTC today. 

Manufacturer C-Green  

[28] 

SunCoal 

[29] 

AVA GmbH 

[30] 

Ingelia S.L.  

[31, 32] 

Country Sweden Germany Germany Spain 

Began 

operations 

2015 2007,  

industrial  

scale 2012 

2010 2005,  

industrial  

scale 2010 

Reactor name FracFlow CarboREN HTC-0 Inverted Flow  

Reactor type Continuous Continuous Batch Continuous 

Capacity 

(tons/year) 

22000  

per module 

50000  50000 6000  

per module 

Heating system Internal Steam Steam Steam 

Process 

conditions 

200℃ 200℃, 

2 MPa,  

6-12 h 

220-230℃,  

2-2.6 MPa,  

5-10 h 

180-220℃,  

1.7-2.4 MPa,  

4-8 h 

Remarks Are currently 

working on 

implementing 

their 

technology in a 

large-scale 

demo facility 

[33].  

Has a 

collaboration 

with the 

Finnish pulp, 

paper and 

power company 

Valmet since 

2013. 

An overview of 

mass and energy 

balance for 

biosludge from 

PPI using the 

AVA CO2 

technology was 

made by Öhman 

and Fougner [3] in 

2014. 

Was part of the 

NEWAPP project 

[13]. Their third 

industrial reactor 

will start 

operating in 2018 

[32]. 

 

As seen in Table 2, the mentioned companies all operate at temperatures near 200℃ and use steam 

for their heating system. One of the companies in Table 2, C-green, has an internal heating system 

and their technology is described more thoroughly below. C-Green is a Swedish company based in 

Stockholm who advertise a modular, continuous process that improves drainage capabilities for 

municipal and industrial biological sludges. The company was founded in 2015 and since 2016 they 

operate a pilot plant at Processum’s premises on the Domsjö biorefinery site. They are currently 

working on implementing their technology in a large-scale demo facility after receiving a 2 MEUR 

grant from KIC TLAC [33]. On their company website, C-Green’s process is presented to be able 

to dewater sludge from 80 to 30% water content without using any external heat. Furthermore, the 

process and product is described as odor-free and on unit can process 60 tons of sludge per day on 

a space equivalent to five parking spaces [28]. A schematic image of their process can be viewed in 

Figure 3.  
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Figure 3 Schematic description of the C-Green process. Adapted from [34]. 

In Figure 3, dewatered sludge is taken into the process and diluted with internal filtrate from the 

dehydrated HTC product (hydrochar) to pumpable consistency. Preheating of incoming sludge is 

first done via high-temperature filtrate and then with flash steam in several steps. Top heating to 

reaction temperature, about 200°C, is made in a final flash step where the steam is obtained from a 

wet oxidation step. The heat is generated from reactions between oxidant and COD in particulate-

low filtrate from the HTC reactor. After the HTC reactor and wet oxidation, the HTC slurry is cooled 

in several flash steps where the generated flash steam is reused for heating the incoming sludge. The 

HTC slurry is dehydrated to high dry contents in a filter press. The filtrate surplus, the part not used 

for dilution of incoming sludge, is pumped back to the water purification process. COD in the filtrate 

surplus can be used, for example, for increased biogas production. Gases from the process are 

condensed and scrubbed in a gas purification system before being released to the atmosphere. [34] 

2.1.2 Hydrothermal liquefaction (HTL) 

The general talk on peak oil and the continuous usage of petrol-driven cars demands that other fuel 

sources are investigated. The growth of environmental pollution pushes this need further. The search 

for renewable and sustainable sources of fuel has been going on for the last decades, and several 

options have been given attention. Apart from electrical cars, fuels derived from biomass seems to 

be a promising path. One way of obtaining fuels from biomass is through hydrothermal liquefaction 

(HTL) which has been given attention in the recent past [35]. The product from HTL is a crude bio 

oil in liquid form, from now on called biocrude. 

 

Although the process is similar to HTC, the processing conditions differ. Typical conditions are 

intermediate temperatures of 250-374°C [7] and high pressures of 4 to 25 MPa [5]. The relatively 

low operating temperatures compared to pyrolysis is what drives researchers to the liquefaction 

process [36]. It has also been shown that, compared to pyrolysis, HTL creates a more viscous and 

hydrophobic product. The biocrude from HTL also has a lower content of oxygen (10-20% [5]), 

lower density [36] and higher heating value (30-36 MJ/kg [5]). Sometimes, the application of 

reducing gas, such as H2 or CO, is made to enhance the oxygen reduction [5]. The biocrude produced 

by the HTL process can be used in a similar way as fossil crude oil. The oxygen content of fossil 

crude oil is near zero [37], which is not the case for the biocrude. The biocrude must be upgraded, 

primarily to remove oxygen, in order to yield gasoline, jet fuel and diesel [5]. This can be done in 

conventional refineries [7] after the biocrude has been presented to special treatment. Like fossil 

crude oil the biocrude can also be used to obtain components for bio-chemicals. 
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While HTC has been on researchers minds for a while, the HTL process of wet biomass has had 

little attention as of now and few attempts on pilot plants has been made in comparison. The different 

sources of biomass feedstock that has been investigated for the HTL process have been presented 

by Gollakota et al. [38]. They conclude that HTL is a suitable process to convert wet feedstock into 

fuel energy. Biomass type and composition do however have a great influence on HTL performance. 

This means that even if the operating conditions are identical, different type of feedstock will yield 

biocrude with different physiochemical properties [35]. A general rule is that biomass with a higher 

content of cellulose will benefit to higher biocrude yields and biomass with a high lignin content 

will decrease the biocrude yield [5]. Instead, char formation will be enhanced with increased lignin 

content. The conversion efficiency of algal biomass components follows the order lipids (80-55%) 

> proteins (18-11%) > carbohydrates (15-6%), which means that lipids lead to highest biocrude 

yields [35]. Anheden et al. [37] investigated production of transportation fuel from two types of 

forest residues, namely branches and tree tops and lignin in black liquor from the pulp and paper 

industry. They showed that the oxygen content of the biocrude from HTL was rather low, 15-21%, 

and that the yield of biocrude and transportation fuel components from HTL was up to 87%. It was 

also concluded that there is an economic potential for establishing integrated value chains utilizing 

these raw materials for production of transportation fuel. Finally, the CO2 emission evaluations of 

the value chain showed levels of 10-25 CO2/MHhtf for the biocrude compared to 300 kg CO2/MWHtf 

for fossil alternatives. 

 

There are companies both in North America and Europe that develop and integrate the HTL process, 

a selection is presented in Table 3. 

 
Table 3 A summary of a few companies promoting HTL today. 

Manufacturer Aljadix  

[39, 40]  

Steeper Energy 

[41] 

Genifuel 

 [42] 

Country Canada Denmark Canada America 

Began operations 2014 2011 2006 

Feedstock Microalgae Forest and mill 

residues 

Various organic 

materials 

Process conditions 250-350℃,  

15-20 MPa,  

<10 minutes 

450℃, 35 MPa 350℃, 21 MPa 

Remarks Microalgae is 

cultivated in 

patented sea-surface 

containers and the 

harvest is treated by 

hydrothermal 

liquefaction to 

generate their 

products hydrochar 

and biocrude. 

In December 2017 

Steeper Energy 

partnered up with 

Silva Green Fuel, a 

Norweigan-

Swedish joint 

venture to construct 

an industrial scale 

demonstration plant 

focusing on forest 

residues and 

sawdust in Tofte, 

Norway [43, 44].  

Systems can 

operate in modes 

of either HTL, 

CHG (Catalytic 

Hydrothermal 

Gasification), or 

both together 

which results in 

the production of 

natural gas 

(methane). 

 

The companies in Table 3 have different process conditions, mainly since they process different 

feedstock. The demonstration plant in Norway, constructed by Steeper Energy and Silva Green Fuel 

will be an interesting example for further investigation of the HTL process and its products. 
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2.1.3 Hydrothermal gasification (HTG) 

At supercritical water conditions (temperatures of 374-800°C and pressures of 4.3-50 MPa, typically 

>20 MPa [5]) gasification dominates the liquefaction process. This results in the production of a 

synthetic fuel gas rich in hydrogen and methane, mainly consisting of H2, CH4, CO and CO2 [5]. 

This report will not further investigate hydrothermal gasification since it has been described as 

impractical in the real industry [6], this due to the severe operational conditions and corrosion 

problems. 

2.2 THE PULP AND PAPER INDUSTRY (PPI) 

The pulp and paper industry (PPI) has had an important role in Sweden since the 19th century and 

today about 90% of the Swedish production is exported. The paper production is concentrated to a 

few countries in the world since the industry demands continuous supply of timber. The industry’s 

environmental impact became increasingly prominent as the industry grew during the 20th century. 

Particularly the effect the production had on discharges of wastewater from fiber material, dissolved 

organic matter and chemicals became clear. These factors along with smelly sulfur-containing 

substances to the air is something the industry has been working on since the 1950’s. This has 

resulted in many positive changes, especially when it comes to emissions per mass [45]. 

 

The majority of the pulp and paper mills in Sweden create their own pulp from fresh trees. The trees 

are debarked in the wood room where bark is the main residual stream. Bark has a heating value 

similar to stem wood although the moisture content is usually higher (60% compared to 40-50%). 

The common treatment is to incinerate the bark to produce steam for the paper process. The different 

processes of the PPI require a waste water purification process that makes the industry one of the 

leading producers of organic semi-solid residues (sludge). The waste water purification process 

lowers the levels of COD and TOC in the process water to allow it to be returned to nature. The 

residual stream from this process is called sludge. The disposal of sludge is the major solid waste 

issue at most pulp and paper mills [46]. Approximately 560,000 tonnes (DS) of different sludge 

streams are generated annually in the Swedish PPI, corresponding to an energy potential of 

approximately 2 TWh/year, of which half are currently combusted in the mills’ boilers [8]. The 

different sludge materials can be divided into different classification groups. These are primary or 

fiber sludge from pre-sedimentation steps, secondary or biosludge from the biological purification 

process, tertiary or chemical sludge from chemical precipitation steps and other sludge. To enable 

incineration of sludge at the mills’ bark boiler it must be dewatered. It is however difficult to reach 

a dry matter higher than 10-50%, depending on sludge type and dewatering method. Since biosludge 

is typically difficult to dewater, some industries are forced to mix bio- and fiber sludge to reach 

acceptable dewatering levels. [46, 47]  

2.2.1 Macronutrients in the PPI 

In the natural life cycle of forestry, old trees wither and die in the same place that they grew. When 

the tree is decomposed, younger trees nearby can absorb the macronutrients through the soil. The 

macronutrients will allow the young trees to develop and grow. Today a large portion of the forestry 

in Sweden is felled and the tree trunks are transported to the biomass industry. In many cases even 

the tops, branches and needles are removed to contribute to the growing biomass industry, this is 

called whole-tree harvest [48]. The nutrients that naturally would have been reversed to the 

continued growth of the biotope are instead removed from the area. Via the industrial processes in 

the PPI, the nutrients often end up in compounds that are non-degradable and therefore cannot be 

used in the forestry again. This may cause leaching of the soil if no nutrients are added in another 

way. Therefore, it is of interest to find a way to reimburse important macronutrients from the PPI to 

the forestry in a composition that the plants can absorb. One important macronutrient in forestry and 

agriculture is phosphorus (P). It is essential for all growing things, both in food production and 

forestry but also for humans and animals [49]. Today when whole-tree harvest is applied little 

phosphorus stays on site and therefore must be added by fertilizers. These contain phosphorus that 

commonly has been mined from areas rich with phosphate rock. When considering phosphorus from 

phosphate rock it is a non-renewable resource with a slow natural life cycle; it takes millions of 
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years for phosphate rock to form [50]. In 2012, the Swedish Environmental Protection Agency 

received an assignment from the government on sustainable reversal of phosphorus which resulted 

in a report on the subject [51]. They concluded that in the PPI, about 7,500 tonnes of phosphorous 

per year ends up in ashes from combustion of biofuels. One problem with the ash is that it can 

contain undesirable materials such as heavy metals which makes it unsuitable for fertilization. If the 

phosphorus rich sludge residues from the PPI is not incinerated the sludge could contain organic and 

contaminated materials that are hazardous to the environment. This calls for new methods to 

reimburse the macronutrients to forestry. 

 

Another macronutrient that is leached from the soil during whole-tree harvest is nitrogen (N). When 

biomass is incinerated, the nitrogen departs to the air which means that it cannot be returned to the 

forestry as ash which phosphorus can. Some forests need nitrogen as fertilizer and some do not, it 

depends on what type of soil it grows in. One of the concerns with phosphorus and nitrogen is that 

they contribute to eutrophication in lakes, streams and coastal areas with limited water circulation. 

In the PPI it is therefore of essential importance to rid the process water of such macronutrients 

before the water is returned to nature. [51] 

2.3 THE DOMSJÖ BIOREFINERY SITE 

The area chosen for this thesis work is the biorefinery site at Domsjö in Örnsköldsvik, Sweden. A 

short summary of the enterprises at the Domsjö site is followed by how they treat their residual 

streams today. 

 

Domsjö Fabriker AB is part of the Aditya Birla Group and is situated in the city of Örnsköldsvik, 

Sweden. The main products of the biorefinery are cellulose, bioethanol and lignin. The cellulose has 

its main field of application as viscose for fashion and textiles, but can also be used in other products 

such as medical tablets, food, sausage casing, tires and paint. The bioethanol is produced by 

fermentation of hemicellulose, which is made available by the cooking process and is sold to 

SEKAB who on the same site further refines and resales the product. The lignin is sold as a powder 

and can be used as an additive in concrete, pelletized animal feed, ceramics and agriculture. Apart 

from the three main products, some additional biorefinery products exist. Among these are carbon 

dioxide (CO2), biogas, bioresin, green liquor and soil improvers. [52] 

 

Even though Domsjö Fabriker have found many areas of use for their various products, there are 

still residues that are of yet considered as waste. Two of these are bark press water and sludge. The 

bark press water comes from the wood room. It has recently been tested for the HTC process in 

laboratory scale. The bark press water contains high values of COD and macronutrients which must 

be lowered before the water can be returned to nature. The experiments showed positive results but 

have yet to be tried in larger scale.  

  

Other enterprises are also represented at the Domsjö biorefinery site. Companies who share water 

purification process with Domsjö Fabriker are SEKAB and Akzo Nobel. SEKAB is a Swedish 

chemical and ethanol company who started their production in the Domsjö area in 1909 [53]. Their 

commercial ethanol products are made from cellulose and later refined to renewable fuel and green 

chemicals. The full name of the Akzo Nobel business in the area is Akzo Nobel Functional 

Chemicals AB (Specialty Chemicals). They produce cellulose derivatives that are used as additives 

in water-based colours as well as in the construction industry [54]. 

2.3.1 Treatment of residues today 

The conventional ways of treating biosludge are internal incineration in the bark boiler of the plant 

or that an external company is paid to either use it for soil improvement or landfill. Biosludge is 

difficult to dewater which indicates a low heating value. Incineration of wet fuels with low heating 

value often does more harm than good. In many cases the usage of biosludge as fuel worsen the 

combustion process instead of contributing towards the steam production [46]. At Domsjö Fabriker 

there is no bark boiler and consequently the biosludge cannot be incinerated on site. Today the 

sludge is sent away to an external site nearby where it is placed in an embankment/lagoon where it 
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will naturally dry for about a year. Thereafter it is mixed with equal parts of another residue stream 

called wood room gravel. The wood room gravel is a mixture of sand and small fragments of bark. 

The final mixture is denoted as a soil improver and it is used in the making of topsoil to enhance the 

nutrition content. [55] 

 

Like many other factories within the PPI, Domsjö Fabriker has had trouble with the Legionella 

bacteria in their aerobic biological treatment. This forced them to shut down the aerobic part of the 

treatment and instead implement a treatment with only an anaerobic part. Since Domsjö Fabriker 

started using only the anaerobic biological treatment process the biosludge has become more 

difficult to dewater which at times demands the addition of supplementary stabilization material 

when making the topsoil. Since this is the situation, new ways to treat the biosludge is welcome. An 

overview of the water purification process on the Domsjö biorefinery site is presented in Figure 4. 

[55] 

 

 
Figure 4 Schematic picture of the water purification process at the Domsjö biorefinery site, adapted from [55]. 

Today the water in the anaerobic biological treatment is processed in two series-connected 

sedimentation tanks (SED1 and SED2), seen in Figure 4, to ensure that the required levels of COD 

and TOC in the water is reached. This inhibits the production rate of the entire biorefinery site. It 

would be desirable if the waste water from the first sedimentation tank (SED1) is sufficiently treated 

for the next treatment step, which would allow the two sedimentation tanks to be parallel-connected 

instead. This would increase the capacity of the entire Domsjö area. In Figure 4, process water from 

SEKAB, Domsjö Fabriker and AkzoNobel is pumped into one of the three anaerobic degradation 

tanks. The obtained biogas is scrubbed and sent to the lignin dryers. The water slurry is transported 

to the series-connected sedimentation tanks, where some sludge from SED1 is returned to the 

anaerobic treatment steps. The biosludge is withdrawn from SED2 and sent away for further 

treatment as mentioned above. The other output from SED2 is the purified drain which can be 

returned to nature. [55] 

 

The residue stream that has been mentioned as one of the most problematic in the Domsjö 

biorefinery area is the biosludge that comes from the water purification process. Previously made 

fuel and sludge analysis have been used when determining the properties of the biosludge. The 

biosludge composition and heating values will be presented in Chapter 4. 

2.4 HTC IN THE PPI 

When it comes to residues from the PPI in general, more research has been made within HTC 

compared to HTL. One exception is lignin from the black liquor of the cooking process which has 
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been given some attention concerning the HTL processes [37]. The focus of HTL research has been 

on algal biomass since it has a high biocrude yield [35]. Further on, Suwelack et al. has shown that 

microalgae with HTL and agricultural side products with HTC are very promising feedstock in 

hydrothermal biomass processing from a socio-economic perspective [56]. Although research has 

been made on forest residue within the HTL process, the issue concerning the sludge at mills is 

mentioned as a bigger challenge [46] and HTC has been shown to produce a good, coal-like product 

fit for incineration from wet sludge [18]. To implement the residual sludge in an HTC process could 

help increase the share of renewable energy within the PPI and simultaneously decrease external 

sludge management costs. Decreasing the water content of the sludge is necessary to get a functional 

combustion process, but current means of dewatering has shown to not be sufficient [57]. 

 

Although the HTC process works in similar ways for all feedstock, the operating conditions vary 

depending on the physical properties of the feedstock [9]. This means that the optimal overall design 

for the HTC process will be unique for each type of feed. However, some generalizations can be 

made. Stenmann et al. [58] has shown that a high biomass to water ratio will result in a higher overall 

solid product yield. Similarly, Mäkelä and Yoshikawa [20] has shown that an increased solid load 

decreases carbon loss and increases solid and energy yield. To use less water may also result in 

lower energy and investment costs, which would indicate that a wet feedstock could be particularly 

attractive. Recirculation of the process water can, as previously mentioned, improve fuel properties 

by increasing the carbon and energetic yields of the hydrochar [25, 58]. Another general process 

consideration is that longer residence times can provide more complete reactions and lower 

concentration of organic material in the wastewater, especially when the water is recirculated. 

Furthermore, higher reaction temperatures generally speed up the HTC process and generates a solid 

product with higher carbon content. This does however require higher pressures which may result 

in higher investment and energy costs. The pre-treatment of the biomass feedstock has been 

mentioned as another general process specification that could help control and speed up the rate of 

the HTC process. Grinding has been mentioned as a pre-treatment for larger, dry biomass, this does 

however result in higher investment and energy demands [9]. In the case of using relatively wet 

feedstock as biosludge, grinding is unnecessary as the material is already in a very finely divided 

state [11]. 

 

The properties of the hydrochar product also varies with the feedstock. Previous pilot-scale studies 

with sludge from the PPI [6] have shown an increase in higher heating value (HHV) of 4.5%. Mäkelä 

et al. showed that reaction temperature and retention time had a statistically significant effect on 

hydrochar ash content, solid yield, carbon content, O/C-ratio, energy densification and energy yield 

[21]. Their research with recycled paper sludge showed that the increase of carbon contents of 

hydrochar predict energy yields of 60-100%. Catalysts and other additives have been tried in a great 

variety within the HTC business. Mäkelä et al. has shown that using HCl as an additive while 

processing industrial mixed sludge from a pulp and paper mill gives a higher energy yield [18]. 

Their work also showed that 97-147% of the energy that the HTC process required could be attained 

from the produced hydrochar. The energy yield of fiber sludge has been shown to be 60-100% [21]. 

2.4.1 Process water from HTC in the PPI 

The process water from the HTC treatment is often referred to as an important product that contains 

important macronutrients and feedstock energy [25, 26]. However, the HTC process water demands 

treatment. Three ways to treat it are by wet oxidation, biogas production or to return it to an aerated 

dam to reduce levels of COD [47]. Although this option means that no additional water purification 

process is needed, it puts extra stress on the already existing processes. To further burden the 

biological water treatment is not desirable within the PPI. This since the wastewater treatment 

processes are usually heavy loaded and an extension would mean a large investment that rather is 

spent on developing the pulp and paper process.  Kambo et al. [25] has described that the continuous 

supply of process water in an industrial HTC plant would be one of the main operational challenges. 

They mention water recirculation as a potential method for increasing the overall efficiency of the 

system. However, in a report concerning simulations of HTC technology in the PPI, Mäkelä and 

Yoshikawa [20] claim that there is no need for water recirculation since no additional water is needed 

to be mixed with the sludge feedstock. 
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Instead of subjecting the process water to anaerobic digestion, Danso-Boateng et al. [15] used the 

COD and TOC concentration of the liquid to estimate theoretical yields of methane. The highest 

received theoretical methane yield was 77.43%. This was obtained using sewage sludge as feedstock 

and similar research has not yet been made with sludge from the PPI. 

2.4.2 Gas flow from HTC in the PPI 

The gas flow that departs from the HTC process is proportionally small and includes, as previously 

mentioned, CO2, H2 and CO. According to Öhman and Fougner [3] the gas could be transported to 

either of the boilers at the pulp and paper mill, or possibly contribute to the energy demand of the 

HTC process. They further mention that since the gas flow is considerably small, it must be 

determined whether it is economically feasible to install the pipework to lead the gas to existing 

boilers. 

2.4.3 Applications of hydrochar from the PPI  

Öhman and Fougner [3] describe possible fields of application for hydrochar obtained from sludge 

from the PPI. They explain that since the hydrochar has a dry substance of 50-70% it can easily be 

incinerated in the mills bark boiler and that the hydrophobic attribute means that the hydrochar can 

be stored outside before usage. However, if the hydrochar is to be combusted in the recovery boiler 

the authors state that an inquiry of how the inorganic compounds would affect the recovery boiler 

must be made. The hydrochar will contain some of the ash, metals and inorganic compounds that 

were part of the sludge. One further mentioned option is to use the hydrochar as fuel in the lime kiln, 

where it most likely would replace fossil fuels. Yet again inquiries must be performed to see how 

the ash, metals and inorganic compounds would affect the sulfate process. To enable external usage 

of the hydrochar it must be re-branded from waste to product. If this is possible, hydrochar could 

replace fuel such as pellets or perhaps be used as fertilizer. Investigations made in lab- and pilot-

scale by Areeprasert et al. [6] showed that hydrothermal carbonization enhances the fuel property 

of paper sludge. Their conclusion was that HTC of paper sludge is feasible for commercialization. 

 

The Spanish HTC company Ingelia often include pelletizing of their hydrochar [11]. A simplified 

flow diagram of Ingelia’s process can be viewed in Figure 5.  

 

 
Figure 5 Flow diagram of the process from wet biomass to hydrochar pellets. Adapted from [11]. 

Figure 5 shows that after the HTC process and mechanical dewatering to 50% humidity, the 

hydrochar can be further dewatered by thermal drying to enable pelletizing. Having the hydrochar 

in the shape of pellets makes it easier to store and distribute. Before the hydrochar is pelletized it is 

in the form of a powder which could be difficult to distribute to customers when sold as a fuel or 

soil conditioner. Investigations concerning pelletized hydrochar from various feedstock was 

investigated in the NEWAPP project [13]. 



 

14 

 

2.5 PREVIOUS STUDIES WITHIN THE PPI CONCERNING ENERGY  

Since few industrial scale HTC plants are operating today, there is little information to be had about 

HTC in industrial scale. A few studies concerning mass and energy balance has been made in the 

recent years, three of them are presented below. 

 

Mäkelä and Yoshikawa [20] performed mill-scale simulations on mass and energy balances during 

sludge treatment, an example of their results based on 16 tonnes of sludge can be viewed in Figure 

6.  

 
Figure 6 Hydrothermal treatment of sludge in mill-scale: a) fiber- and biosludge treated in separate reactors, 

and b) sludge streams mixed prior to treatment [20]. 

In Figure 6, the calculated mass and energy balances show an energy surplus for both cases, although 

a slightly higher value when the fiber- and biosludge is treated in separate reactors. The experiments 

included one part where fiber- and biosludge were treated separately and one part where they were 

mixed prior to HTC treatment. The hydrochar was to be incinerated on site, which for the fiber- and 

biosludge treated separately generated an energy surplus of 25-45 GJ for the entire system. When 

the sludge was mixed prior to the HTC treatment, the energy surplus was 23-44 GJ. The biosludge 

alone gave an energy surplus of 3.4-9.1 GJ. This shows that the HTC products depend on the 

feedstock properties. The energy balances were calculated using 

 

 𝐸𝑡𝑜𝑡 = 𝐸𝑃𝐻 + 𝐸𝐻𝑇 + 𝐸𝐹𝐿 + 𝐸𝐼𝑁  [𝑀𝐽] (1) 

   

where 𝐸𝑡𝑜𝑡 denotes the total energy balance of the system including two batch reactors, 𝐸𝑃𝐻 the 

energy balance of preheating, 𝐸𝐻𝑇 the energy balance of the reactors, 𝐸𝐹𝐿 the energy recovered by 

flashing and 𝐸𝐼𝑁 the energy recovered from char incineration. Energy consumed by a unit was 

expressed in negative values.  
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In a Master’s thesis by Michael Child [59], four scenarios concerning the HTC technology in the 

PPI was presented. The fourth scenario can be seen in Figure 7, where the hydrochar is subjected to 

thermal drying and pelletization. The calculations were based on a so-called SunCoal model 

provided by the company SunCoal Industries where 50,000 tonnes of sludge with a dry matter of 

20% was treated annually.  

 
Figure 7 Mass and energy balance of mixed pulp and paper sludge. Adapted from [59]. 

Concluding Figure 7, 213 kWhth steam and 46 kWhe is needed to convert 1000 kg of sludge into 187 

kg of HTC pellets with a dry matter of 90%. It is also shown that there is 691 kg of wastewater per 

1000 kg of sludge that must be treated in a wastewater plant before being returned to nature. 

 

Öhman and Fougner describe a rough mass and energy balance in their report [3]. A schematic 

picture of a mass and energy balance concerning biosludge of 17% dry solids can be viewed in 

Figure 8. The analysis is based on the technology of company AVA-CO2 and the residence time is 

eight hours including filling, heating and emptying of the reaction vessel(s). Further, the authors 

mention that the HTC plant needs a steam supply to drive the process. Access to cooling water and 

a connection to a gas purification system or other means of gas destruction is also mentioned as 

necessary.  

 

 
Figure 8 Rough mass and energy balance (10 tonnes DS/d biosludge, 2.2 m3/h at 17% DS). Adapted from [3].  

Figure 8 can be concluded by saying that 24 kWhe and 350 kWhth steam is needed to convert 2.5 

tonnes of sludge per hour into 0.6 tonnes hydrochar per hour. The process produces wastewater at 

the rate of 1.8 tonnes per hour. 
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Öhman and Fougner further give a simplified suggestion of the most important integration points 

between the HTC plant and the pulp and paper mill, see Figure 9.  

 
Figure 9 Schematic picture of the HTC process and the most important points of integration with the pulp and 

paper mill. Adapted from [3]. 

Figure 9 present the residual sludge and steam of approximately 25 bars as inputs from the industry, 

implying that the HTC plant should be placed near where the sludge is produced. Apart from the 

produced hydrochar, the output that must be further treated is the water phase from the mechanical 

dewatering process. This is an argument to place the HTC plant near the water purification process.  
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3 METHODOLOGY 

This chapter briefly mentions how the theoretical energy system consequences were made. It also 

describes how a survey of the sludge gathering area was performed. 

3.1 ENERGY SYSTEMS CONSEQUENCES  

The energy systems consequences concerning the integration of an HTC process were estimated by 

using previous made work within the PPI that was mentioned in Chapter 2.5. Sludge materials was 

compared to the material on the Domsjö biorefinery site to estimate what consequences the 

implementation would have on the site. The integration of a hydrothermal process plant at an 

existing industrial site can affect the energy balance. The new material streams in the industrial 

process might need to be heated or cooled to satisfy the process requirements. This can be done by 

heat exchange of hot and cold utilities or process streams. To determine the minimum heating or 

cooling demands for the entire process different methodologies can be used. One that has shown 

results of utility savings of 20-40% is the pinch technology [60]. To enable the theoretical integration 

of an HTC plant, a recent pinch and total site study on the energy balances on the Domsjö biorefinery 

site was studied. In the study, the utility profiles were plotted and illustrated in Total Site Profiles 

(TSP) to enable a total site approach, where the different process plants are integrated. An example 

of a TSP is shown in Figure 10.  

 

 
Figure 10 Example of a Total Site Profile. Adapted from [61]. 

The right side of the TSP in Figure 10 show the composite curves of the process heat exchangers 

and the left side shows the composite curves of the process cooling exchangers. The illustration 

makes it possible to develop improved solutions for energy recovery and cogeneration [61]. If there 

is enough space between the hot utility and the heat demand, the HTC unit could fit in there if the 

hot utility is hot enough. The results from the pinch and total site study of the Domsjö biorefinery 

site cannot be published in this Master’s thesis, due to secrecy, but have been used when estimating 

the amount of steam readily available on the site today. 
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3.2 EXPANSION OF GATHERING AREA 

The integrated HTC plant at Domsjö Fabriker will result in a large investment cost. If the hydrochar 

is incinerated on site, a smaller HTC plant might be sufficient, but since Domsjö Fabriker would 

rather sell the hydrochar as a product, a larger plant could be an option. Previous reports claim that 

it is generally agreed upon within the industry that a successful economic model of HTC at an 

industrial level cannot be developed below the capacity of 50,000 tons of raw, wet sludge treatment 

per year (20-25% DS) [59]. To obtain more sludge for an increased production of hydrochar other 

pulp and paper mills, dairies and sewage treatment plants could be involved.  Plants within a 500 

km range from Domsjö Fabriker along the coastline of northern Sweden were contacted. Information 

was gathered through telephone conversations and email correspondence with employees from each 

company. In many cases public fuel analysis and test reports were shared. 
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4 RESULTS AND DISCUSSION 

Since there are very few industrial scale HTC processes in operation today, it has been difficult to 

receive information about how these would affect the overall energy balance of a site. Whether this 

is due to lack of knowledge on the manufacturers’ part or the fact that they are not willing to share 

the information is unknown. If the latter is the case, it seems unwise to not let information through 

just to mind the manufacturer’s own agenda. To enable the industries to know what is expected of 

them could perhaps allow them to plan ahead and be more prepared when presented to a future 

investment. Due to the secrecy, this Master’s thesis was not able to present real data for an 

implementation of an HTC process on the Domsjö biorefinery site, which is why the following 

chapter only will discuss previously made reports on this matter. 

4.1 ENERGY SYSTEMS CONSEQUENCES 

The companies at the Domsjö biorefinery site all get the steam they need from the energy company 

Övik Energi AB which is also located at the site. Due to this, it is more interesting to discuss the 

integration of an HTC process where the hydrochar is not incinerated on site. It has been expressed 

by Domsjö Fabriker that it would be more interesting to utilize the obtained hydrochar as a sellable 

product. However, it can be assumed that the additional thermal energy needed for the HTC process 

is readily available at Övik Energi, although it would mean an additional cost for the Domsjö 

biorefinery site. The integration of an HTC plant on any industrial site would affect the overall 

energy balance of the area, this is presented by all three studies mentioned in Chapter 2.5. To allow 

a comparison of those results with the Domsjö biorefinery site, the feedstock properties have been 

compared in Table 4.  

 
Table 4 Comparison of sludge feedstock. 

 Parameter Biosludge 

Domsjö [55] 

Biosludge 

Mäkelä, 

Yoshikawa 

[20] 

Fiber sludge 

Mäkelä, 

Yoshikawa 

[20] 

Mixed 

sludge  

Child [59] 

Biosludge 

Öhman, 

Fougner [3] 

 %DS %DS %DS %DS %DS 

Ash 27.8 17 43.9 27 28 

C 42.1 45.1 31.2 34.8 38.2 

H 5.1 5.9 3.54 4.3 5 

O 15.5 23.3 21.1 29.32 24.3 

N 6.2 6.6 0.26 4.0 3.1 

S 2.9 1.4 - 0.58 1.3 

Cl 0.4 0.4 - - 0.1 

Moisture (%) 86 90 54  83 

HHV (MJ/kgDS) 17.98 19.49 12.1 18.07 - 

LHV (MJ/kgDS) 16.88 18.22 - 17.13 15.1 

 

Looking at Table 4, only Öhman and Fougner have used biosludge exclusively in their report, 

although Mäkelä and Yoshikawa mention results on biosludge too. Mäkelä and Yoshikawa do 

however present their results together with fiber sludge, and therefore both of their sludge material 

is mentioned in Table 4. It is difficult to say how similar the materials need to be to get a feasible 

comparison, but as can be seen, the biosludge at the Domsjö site has most similar properties with 

the biosludge from the work made by Öhman and Fougner.  

 

Using the results from Öhman and Fougner, the Domsjö biorefinery site would need an additional 

350 kWhth steam and 24 kWhe if the daily production was 2.5 t/h, or 60 t/day. The annual production 

of 6000 t/year that they have today is however only enough to process 17 t/day, which would affect 
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the effectiveness of the HTC process. More on this is mentioned in Chapter 4.2. Using this process 

would also result in an additional wastewater treatment mass of 43 t/day, which must be taken into 

consideration. The results presented by Child are based on an annual sludge treatment of 50,000 

tonnes, which is 142 t/day, eight times more than the sludge production the Domsjö site has today. 

To treat 691 kg of process water per 1000 kg of sludge will put extra stress to the anaerobic treatment 

of the site, which is not desirable. The treatment of 1000 kg of sludge into 187 kg of pellets results 

in an energy demand of 213 kWhth steam and 46 kWhe, according to the calculations performed by 

Child. The calculations made by Mäkelä and Yoshikawa [20] include the hydrochar being 

incinerated on site and that it contributes to the energy balance of the HTC process. If the 

incineration is not included in these calculations, the total energy balance would not result in any 

surplus energy but instead a demand of 5.7-6.8 GJ when 16 tonnes of sludge is treated. According 

to calculations using Equation 1, this would be viable to the process regardless to whether the sludge 

is mixed prior to the HTC treatment or not. It is not specified what form this energy should have, 

but it can be assumed that it should be in the form of steam.  

 

Many of the previously mentioned authors say that it is an advantage if the HTC process can be 

integrated on the PPI site since there is usually steam with the right pressure available. Öhman and 

Fougner [3] explain that steam at a pressure of 25 bar is necessary. The TSP for the Domsjö 

biorefinery site from the recent made pinch and total site study show that most of the steam that is 

available is in the temperature range of 100-165℃. This represent steam at pressures of 1-7 bars. To 

reach levels of 25 bar, the steam temperature should be around 225℃. The site also uses steam at 

pressure levels of 20 and 32 bar, but it has not been established whether the available steam is located 

near where the HTC plant would be placed. If the distance between the available steam and the 

integrated plant is too long it might not be appropriate to use that steam. In that case it might be 

more viable to generate steam locally to the HTC plant according to Öhman and Fougner. 

 

It has been mentioned several times in this thesis work that HTC makes the feedstock easier to 

dewater, some authors are however cautious and explain that this does not have to mean that the 

hydrochar can be pressed to a higher DS content than the initial sludge [62]. This means that thermal 

drying might still be necessary, especially if the hydrochar must be turned into pellets. The option 

of creating sellable pellets from the hydrochar has been described in the NEWAPP project [13]. The 

authors conclude that the market for domestic heating systems is not competitive enough for the 

pellets from the HTC process, since other options are cheaper and more widely available. It could 

however be more prominent in the future when fossil fuels become scarcer and more households 

choose to heat their houses by sustainable coal- or pellet-like products. Before choosing to integrate 

a pelletizer to an HTC plant the market for HTC pellets must be investigated. Perhaps, in Sweden, 

an industrial use of the HTC pellet is more feasible, since many households here are connected to 

district heating networks. Another factor to take into consideration is what the produced HTC pellet 

contains. It must be established that the boiler where the pellet is combusted has the correct flue gas 

cleaning system to take care of the emissions. This speaks for an industrial use of the HTC pellet 

since large industries often have the necessary flue gas cleaning systems installed. 

 

One of the biggest challenges for an industrial scale HTC process in the PPI is the wastewater 

treatment [47]. What is concerning is that very little of this is mentioned in previous work. More 

research must be made concerning the amount of process water from the HTC process and how it 

can be sustainably treated. As previously mentioned, it is not in the PPI’s interest to further burden 

the wastewater purification processes of the industry. At the same time, it has been shown by several 

sources that the wastewater contains too high levels of COD and TOC to not be treated before being 

let back to nature. Companies within the HTC business uses different solutions for their HTC 

process, one of them is previously mentioned C-Green. Their wet-oxidation step oxidizes some of 

the process water to obtain energy for the preheating of incoming sludge material [34]. This is said 

to lower the amount of process water that needs to be further treated and seems to be an interesting 

solution.  
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4.2 EXPANSION OF GATHERING AREA 

The result from the investigation of industries within a 500 km range from Domsjö Fabriker along 

the Swedish north-east coastline, the amount of sludge they produce per year and some of the 

properties of sludge are presented in Table 5. Although there are additional companies within the 

PPI, Table 5 only include the ones that replied to telephone calls or emails.   

 
Table 5 Companies producing various sludge within a 500 km range from Domsjö Fabriker. 

Company Distance 

from 

Domsjö 

(km) 

Type of 

sludge 

Generated 

sludge 

(ton/year) 

DS 

(%) 

Handling 

today 

HHV 

MJ/kg 

DS 

LHV 

MJ/kg 

DS 

Domsjö 

Fabriker AB 

[55] 

- Bio 6000 14 Described in 

Chapter 

2.3.1. 

17.98 16.88 

Holmen 

Iggesund [63] 

247 Chemical 31000 45 Used as 

construction 

material or 

buffered. 

1 1 

Metsä board 

Husum [64] 

31 Bio 3500 DS 10 Incineration 

in recovery 

boiler 

1 1 

Mestä board 

Husum [64] 

31 Fiber 2400 DS 28 Incineration 

in bark 

boiler. When 

boiler stops, 

the sludge is 

applied to 

composting. 

17.13 15.95 

SCA Obbola 

AB [65] 

119 Bio 17000 24.4 Incineration 

in bark 

boiler, 20% 

sent away for 

recycling 

each year. 

15.45 14.39 

SCA Obbola 

AB [65] 

119 Fiber 80002 43 Incineration 

in bark 

boiler. 

29.7 27.9 

Norrmejerier 

(dairy) [66] 

119 Digestate 15000 3-5 Sent to 

farmers for 

soil 

amelioration. 

3 3 

SCA Munksund 

[67] 

320 Mixed  1000 DS 15 Incineration 

in bark 

boiler. 

1 18.5  

SmurfitKappa 

Piteå [68] 

327 Mixed  15000 30 Incineration 

in bark 

boiler. 

1 1 

BillerudKorsnäs 

Karlsborg [69] 

458 Fiber 1 1 Incinerated 

in bark 

boiler. 

1 1 

                                                      
1 No information received.  
2 55% biomass, 40% non-biomass, 4.5% inert material. 
3 No fuel properties have been analyzed at Norrmejerier since the material has such a low DS. 
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From Table 5, it is clearly shown that there is available sludge in the researched area. The most 

common sludge disposal is through incineration in the site’s bark boiler. The dairy company 

Norrmejerier stands out, they have a very wet sludge material that is sent to farmers for soil 

amelioration. Nearly every contacted company has shown a positive attitude towards the HTC 

process, either in a way that they are interested in knowing more or opening for the possibility of 

sending their excess sludge to the theoretical plant at the Domsjö site. However, many have been 

clear on the fact that this would only be an option if the cost related to the excess sludge they have 

today can be matched or lowered. Some of the companies claim to be able to handle all sludge 

internally and are happy with the solution they have today. However, incineration of sludge in own 

bark boiler can result in additional costs since the wet sludge can demand more heat to burn than it 

generates during combustion. It can also be considered a problematic fuel due to its high ash content. 

It is however difficult to estimate this cost, which makes it a problematic argument. 

 

The companies in Table 5 all agree that it is in the interest of everyone to lower the amount of residue 

from the PPI, which would be the result in the case of a joint decision to send residual sludge to the 

HTC plant at the Domsjö biorefinery site. SmurfitKappa explains that they are happy with the 

solution they have on site today and thinks that the amount of trucks it would take to transport the 

sludge to Domsjö would be too high. The residue streams from Billerudkorsnäs in Karlsborg are 

effectively treated on site, their fiber sludge is incinerated in their own bark boiler, the 

microorganisms in the sewage system are recycled and the bark sludge from the wood room is used 

as much for their own landfill site. During 2019 they might dredge their biologically aired dam 

which will give them a lot of sludge to handle. Analyses of that sludge was planned to be made in 

April 2018 to give a clear picture of what it contains. The water purification process at Holmen 

Iggesund differ from the other PPI in Table 5. The sludge is denoted chemical sludge and has a 

different composition than fiber- and biosludge. Chemical sludge is considered more problematic 

than other sludges and it has not been investigated whether the chemical sludge is suitable for 

integration with other sludge types. However, Iggesund are looking for new ways to treat their 

chemical sludge on their own. It has been tested for the HTC process in a recently made pre-study 

by Larsson et al. [47] which showed that the HTC-treatment improved the dewatering ability and 

that the sludge weight can be lowered up to 37%. They also concluded that more research must be 

made on how the wet phase (the process water) should be treated to avoid emissions of organic 

substances. 

 

Taking the C-Green technology as an example, the Domsjö biorefinery site production of 6,000 

ton/year biosludge of 14% DS is well within the capacity of one C-Green unit. One unit has the 

capacity of approximately 22,000 tonnes of wet sludge per year. Since one C-Green unit easily 

covers the annual need that the industries on the biorefinery site in Domsjö demands, it might be 

economically feasible to import up to 16,000 tonnes of sludge annually from the other industries in 

the vicinity. To use the unit to its full capacity would lower the payback time of the investment cost. 

If there is an interest in starting up an additional business concerning the hydrochar, investing in 

additional HTC units and importing even more sludge could be an option. Investigations must 

however be made before mixing sludge from other industries with the biosludge at the Domsjö 

biorefinery site. As presented by Mäkelä and Yoshikawa, mixing fiber- and biosludge prior to the 

HTC treatment reduced the overall energy surplus by 2-8% [20]. It has not yet been tested how 

mixing biosludge from different industries would affect the resulting hydrochar, but it can be 

assumed that some differences will be obtained. An industrial scale HTC plant has a life expectancy 

of 15-20 years [13, 59], another indication that the installed plant should be utilized to its full 

capacity to shorten the payback time. In Table 5, only Swedish companies have been contacted. PPIs 

do however exist in other nearby countries as well, Finland being among them. The waterway to 

Finland is shorter than 500 km, and to gather sludge from there could be an option. 

4.3 ENVIRONMENTAL CONSEQUENCES 

The HTC technology could mean that important macronutrients such as P and N could more easily 

be recycled and returned to the forestry, this was shown in a previous Master’s thesis [27]. Since the 

HTC process kills all biological life in the biosludge, there is potential in using the hydrochar for 
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soil amelioration. This could help prevent the leaching of important macronutrients from the 

forestry. It would also be a more sustainable way of bringing back the macronutrients to the forest 

compared to using fertilizers where, for an example, phosphorus has been mined from phosphate 

rock. One problem is that the sludge from the PPI is defined as a waste product by the EU framework 

agreement. Öhman and Fougner have discussed this and mentions several terms that must be 

fulfilled in order for the sludge to be rebranded as a product [3]. If these terms can be met, then the 

hydrochar can be used as soil improver. When looking at the bigger picture, if the produced 

hydrochar can be sold as fuel, it could potentially replace fossil fuel to some extent. This would lead 

to positive environmental consequences too. 

 

When sludge is incinerated, some of its content contributes to increased flue gas emissions and 

material damage in the boiler. Ahlroth et al. [62] concluded that their experiments with fiber- and 

biosludge reduced the amount of fuel-bound nitrogen (N), chloride (Cl) and sulphur (S), which 

improves the biomass fuel quality. The reduction of Cl will lower the tendency for high temperature 

corrosion in the boiler. When there is an abundance of S in the fuel, it often forms SO2 which is an 

emission that is regulated in Sweden. Reduction of S in the fuel will lower the SO2 emissions and 

the remaining S content might react with alkali and form sulphates. Another regulated emission is 

NOx-gas which is formed when there is an abundance of nitrogen in the fuel. This means that the 

reduction of N in the fuel would benefit to an environmental improvement. These conclusions have 

been made focusing on incineration of the hydrochar in a bark or biomass boiler, but the same could 

be said for any type of incineration. 

 

If the decision is made to import sludge from other industries to utilize the full capacity of the HTC 

plant, the additional transports must be taken into consideration. To enable the continuous process 

of the HTC plant, sludge must be transported to the Domsjö site daily. The most feasible way would 

be by road, using lorries, since the road network is easily accessible. This would however result in 

additional emissions. Many of the companies in the PPI do have access to ports, and a solution could 

be to send the sludge by boat, especially if the additional plant is situated far away. If the hydrochar 

is sold as HTC pellet, the environmental consequences of that product being sent away must also be 

taken into consideration.  
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5 CONCLUSIONS 

The available forest-based feedstock streams on the Domsjö biorefinery site are biosludge and bark 

press water. The HTC process is a potential solution to the treatment of biosludge at the Domsjö 

biorefinery site. According to previous studies, the HTC process has shown to be most suitable for 

this material compared to HTL and HTG. 

The integration of an HTC process on the Domsjö biorefinery site would affect the energy balance 

of the site. Depending on technology, the HTC unit demands energy in the form of steam and/or 

electricity. The most accessible steam at the Domsjö biorefinery site, that most appliances and 

process steps uses, is at 7 bars. There are also steam levels of 20 and 32 bar in the area, which is 

within the range an HTC plant requires. 

 

Implementing and using an HTC process on an industrial site would result in an increasing amount 

of wastewater that must be treated on site. It can be treated using the existing water purification 

process. 

 

The Domsjö biorefinery site produce 6000 tonnes of biosludge per year. Several HTC companies 

produce units that normally treat 20000-50000 tonnes of sludge per year, which indicates that 

additional sludge could be added to reach full capacity. 

 

There are PPI along the north-east coastline of Sweden that have sludge of similar properties to the 

sludge from the Domsjö biorefinery site. Several of the companies have shown interest in finding 

new application areas of their residues. There is a wide interest within the industry to reduce and 

find new ways to treat residual streams, fiber sludge and biosludge being amongst them. 

 

No conclusions can be drawn concerning the exact energy and environmental consequences the 

investment of an HTC plant would have. For this, the feedstock needs to be tested in a laboratory 

scale. Even though there are numerous examples of biosludge being tested for HTC, the different 

compositions do matter. 

6 FUTURE WORK 

The HTC process water has been mentioned as a problematic bi-product since it needs to be treated 

before being let back to nature. Depending on the actual contents of the water, perhaps an easier 

treatment than the conventional anaerobic treatment could be used. This could be a cheaper option 

than to expand the already existing waste water treatment. 

 

No consideration has been made to whether the sludge from different locations have similar 

properties or not. If different sludge is to be integrated with the HTC plant at Domsjö, their 

individual properties must be determined and evaluated.  

 

Since no economical calculations have been made in this thesis work, several economical aspects 

could be further investigated. These include investment and maintenance cost of the HTC plant as 

well as what economical gain could be made from selling the hydrochar to external companies. 

Would it be economically feasible to install a station for pelletizing of the hydrochar to more easily 

transport the solid fuel for external incineration? What would be the economic benefits of receiving 

additional sludge from PPI in the vicinity?  
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