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In formal logic, a contradiction is the signal of defeat: 
but in the evolution of real knowledge, 

it marks the first step in progress toward victory.  
 

 
 
 
 

Alfred North Whitehead 
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Abstract 

Forest industries produce large amounts of organic carbon-rich sludges as 

process by-products. Currently sludge is treated as a poor quality biofuel for co-

incineration, although some mills treat it solely as a disposal problem. This 

thesis provides an introduction to the production, composition and disposal 

issues of sludge. It also includes a presentation of strategies for sludge handling.  

 

Energy recovery is deteriorated by the high content of water in sludge. 

Mechanical dewatering is an energy efficient method for decreasing the water 

content. There are, however, limitations as to how much sludge can be 

mechanically dewatered (20–50% dry solids). Thermal dewatering is sometimes 

required to dewater the sludge beyond these limits in order to obtain a high 

quality biofuel for incineration and/or thermal gasification. It is often 

inefficient from an energy point of view to incorporate thermal dewatering in 

the sludge handling strategy. 

 

Anaerobic digestion is a biological alternative to thermal energy recovery 

processes. The advantages of anaerobic digestion include biogas production, 

the efficient treatment of sludge with a high content of water, and potential 

nutrients recovery. The process of anaerobic digestion is presented. 

 

The aim of this thesis is to present a method for evaluating various sludge 

handling strategies from an energy perspective, and to further develop 

anaerobic digestion as a process for energy recovery from sludge. The thesis is 

based on two papers. Paper I presents the energy use and energy recovery in 

wastewater management, including wastewater treatment and sludge handling. 

Paper II explores the possibility to enhance biogas production using anaerobic 

co-digestion of pulp mill sludge and municipal sewage sludge. 
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Sammanfattning 

Stora mängder slam, rikt på organiskt kol, bildas som biprodukt i 

skogsindustrin. Idag behandlas slam på vissa bruk som ett biobränsle av låg 

kvalitet, medan andra behandlar det enbart som ett avfallsproblem. I denna 

avhandling introduceras produktion, sammansättning och kvittblivning av slam. 

Dessutom presenteras några olika slamhanteringsstrategier. 

 

Energiåtervinning från slam försämras av ett högt vatteninnehåll (50–80%). 

Mekanisk avvattning är en energieffektiv metod för att minska vatteninnehållet. 

Dessvärre finns det begränsningar i hur långt slam kan avvattnas mekaniskt. 

Termisk avvattning behövs för att avvattna bortom dessa gränser för att få ett 

biobränsle som håller en hög kvalitet för förbränning och/eller termisk 

förgasning. Från ett energiperspektiv är det ofta ineffektivt att inkorporera 

termisk avvattning i slamhanteringsstrategin. 

 

Anaerob nedbrytning, är ett biologiskt alternativ till termiska processer för 

energiåtervinning. Fördelarna med anaerob nedbrytning innefattar 

biogasproduktion, effektiv hantering av slam med högt vatteninnehåll och 

potential för näringsåtervinning. Processen och kinetiken för anaerob 

nedbrytning presenteras i avhandlingen. 

 

Målet med denna avhandling är att presentera en metod för utvärdering av olika 

slamhanteringsstrategier från ett energiperspektiv och att vidareutveckla 

anaerob nedbrytning för energiåtervinning från slam. Avhandlingen baseras på 

två artiklar. Artikel I presenterar en undersökning med fokus på 

energianvändning och energiåtervinning, som inkluderar vattenrening och 

slamhantering. Artikel II utvecklar möjligheten att öka biogasproduktionen 

genom gemensam anaerob behandling av slam från massabruk och kommunalt 

avloppsslam. 
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1 Introduction 

The work to moderate human-induced global warming is on the agenda of 

many politicians, researchers and industrialists. Biofuels are commonly 

considered a key component in this matter. The production of biofuels, 

however, is potentially controversial. The controversy concerns, among other 

issues, the use of arable land for biofuel production [1]. Biofuel production 

from organic waste is not affected by this issue. The question is not whether or 

not energy recovery should be utilised; instead it is about how to find the most 

efficient system for this at each industrial plant. 

 
So far the forest industry has considered sludge from their wastewater 

treatment to be organic waste. Efforts have been made to minimise the 

production of sludge by using advanced biological wastewater treatment 

processes [2]. The sludge production decreased successfully the price of this 

success; however, was an increased use of electrical energy.  

 

In Sweden, sludge must not be used on landfill sites as from 2005, unless it has 

first been appropriately treated. As a consequence, getting rid of sludge today 

includes some sort of sludge treatment according to Swedish ordinance 

(2001:512)[3]. Incineration is a commonly employed treatment process that 

addresses two major energy issues: energy recovery and reduced need for 

transport because of less amounts of solid residue (Paper I). Composting is 

another common treatment process. There is usually no energy recovery 

involved in this process; the solid residue could, however, be used as 

landscaping material and as landfill cover material. 
 
1.1 Aims  
The aims of this thesis are (1) to present a method for evaluating various sludge 

handling strategies from an energy perspective and to further develop anaerobic 

digestion as a process of energy recovery from forest industry sludge. 
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2 Forest Industry Sludge 

In this thesis forest industry sludge is defined as all types of solid residues from 

wastewater treatment at pulp and paper mills. This section presents the names 

and production sites of the forest industry sludge subtypes relevant to this 

thesis. It will also clarify some of the disposal issues associated with forest 

industry sludge. 
 
2.1 Origins of Forest Industry Sludge 
Forest industry sludge is produced as a by-product during wastewater 

treatment. Production sites and the subtypes nomenclature for forest industry 

sludge are presented schematically in Figure 1.  

 

Sludge from primary treatment is mainly composed of fibres, fines and fillers 

[2]. This type of sludge is easy to dewater mechanically and it can reach a TS 

content that is appropriate for incineration.  

 

 
Figure 1.  Schematic presentation of production sites and nomenclature of forest industry 

sludge. 

 

Secondary treatment is more diversified and consists of a combined biological 

and chemical treatment, or one of these two. In general, as forest industry 

wastewater is nutrient deficient, nutrients are added in the biological treatment 

phase. Nutrients are required by the micro-organisms that aerobically 

decompose organic substances in the wastewater. Bio-sludge is separated and 

one part is refluxed into the bioreactor to keep the concentration of micro-

organisms at the required level. The rest of the bio-sludge is removed. Bio-

sludge is difficult to dewater mechanically. Much of the water is bound: as 

intracellular water and as water in highly hydrated extracellular polymers which 

surround the cells. There are methods for enhanced mechanical dewatering. 

These, however, increase the organics load on the secondary treatment step (see 

Section 3.1).  
 
In chemical treatment, metal ions, mostly Fe3+ or Al3+, are used to form flocks 

of organic compounds and to precipitate phosphate. Polymers are then used to 
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form larger units (from flocks and/or micro-organisms), which can be removed 

in a sedimentation basin or in a flocculation unit (see Section 3.1). Sludge from 

biological and chemical treatment processes is usually handled as one product 

and called secondary sludge. Secondary sludge is difficult to dewater 

mechanically to reach a manageable content of total solids, especially if the 

organics content of the refluxed effluent needs to be limited (cf. bio-sludge). It 

is common to mix primary and secondary sludge prior to mechanical 

dewatering to enhance the dewatering properties of the secondary sludge. The 

resulting mixed sludge will have a higher TS content and be more suitable for 

incineration (see Section 3.4).  
 
Table 1. Typical analysis of sludge from the pulp and paper industry [4]. 

Element Wood chip Sludge (min-max)
% dry and ash free % dry and ash free

Carbon, C 51 53 (46-68)
Hydrogen, H 6 7 (6-8)
Sulphur, S 0 1 (0.1-2.4)
Nitrogen, N 0.2 2 (0.2-6)
Chlorine, Cl 0 0.1 (0-0.3)
Oxygen, O 43 37
Ash (% dry) 1 27 (1-60)
Water (%) 50 64 (13-84)

 
Table 2. Some ash compounds in sludge from the Swedish pulp and paper industry, 

modified from [4]. 

Element
Bio-sludge         

(6 mills)
Mixed sludge         

(8 mills)
Primary sludge     

(7 mills)
Chemical sludge     

(9 mills)
g/kg of ash g/kg of ash g/kg of ash g/kg of ash

Sodium, Na 16 (7-33) 24 (6-50) 50 (4-108) 24 (7-84)
Potasium, K 10 (3-18) 11 (8-18) 7 (1-10) 7 (1-18)
Calcium, Ca 99 (14-213) 79 (13-163) 107 (35-217) 52 (1-151)

Magnesium, Mg 22 (12-39) 23 (10-41) 20 (4-85) 15 (4-40)
Titanium, Ti 4 (1-11) 7 (1-20) 4 (1-8) 15 (3-36)

Phosphorus, P 13 (5-26) 17 (5-31) 8 (2-24) 8 (1-20)
Iron, Fe 75 (17-142) 52 (14-158) 15 (4-27) 16 (8-25)
Silica, Si 125 (82-186) 155 (97-239) 168 (75-244) 112 (65-170)

Aluminium, Al 106 (26-143) 106 (30-179) 84 (18-168) 230 (146-317)
 
The sludge is commonly characterised by the content of total solids, volatile 

solids and fixed solids (ash). According to Tchobanoglous et al. [5], the 

definitions of these characteristics are as follows:  

• total solids (TS), the residue remaining after a wastewater sample has 
been evaporated and dried to constant weight at 103–105°C; 

• volatile solids (VS), those solids that can be volatilised and burned off 
when TS are ignited at 500±50°C; and 
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• fixed solids (FS), the residue that remains after the TS is ignited to 
constant weight at 500±50°C, also known as ash. 

 
Gyllenhammar et al. [4] reported average results from elemental analysis of 

forest industry sludges (see Tables 1 and 2). The composition of sludge varies 

depending on several factors. Gyllenhammar et al. [4] presented an extensive 

study on the incineration of forest industry sludge. The authors presented a 

collection of factors that affects the quality of sludge: 

• Sludge from sulphite mills contains more sulphur as compared to sludge 
from sulphate mills. 

• The content of chloride increases if chlorine dioxide is used for 
bleaching. 

• Depending on the salt used, chemical treatment will increase the content 
of aluminium and/or iron, as well as the content of sulphur and/or 

chlorine. The contribution of sulphur and/or chlorine from chemical 

treatment is often of secondary significance as compared to other 

sources. 

• The content of calcium is high in sludge coming from mills for coated 
paper production compared to sludge from other mills. 

• Sludge from biological treatment processes has high contents of 
nitrogen compared to wood chip, however, not as high as in municipal 

sewage sludge (see Tables 1 and 3). 

 

2. 2 Forest Industry Sludge Disposal Issues 
Each mill is responsible for disposal of the sludge it produces. Before 2005, 

landfill was a feasible solution and sludge handling was a matter of landfill fees. 

Today, Swedish pulp and paper mills are forced by the authorities to arrange for 

sludge treatment. For example, Article 10 of Swedish ordinance (2001:512) 

states that “organic waste may not be used as landfill material”, and Article 14 

states that “only treated waste can be used on landfill sites. Treatment refers to 

physical, thermal, chemical or biological methods, including sorting of waste, 

which change the properties of the waste resulting in smaller volumes or 

reduced danger, facilitated handling or promoted recycling” (translated from 

[3]). Organic waste is defined, by Swedish authorities, as waste with a content of 

organic carbon, for example biological waste and plastics, Article 4 of Swedish 

ordinance (2001:1063)[6].  
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There is no obligation to perform sludge treatment on site and some mills 

choose to outsource composting or thermal dewatering to an external operator. 

Currently, composted forest industry sludge is mostly used to cover closed 

landfills. There is, however, a need to evaluate alternative applications, for 

example agricultural use. The European Council Directive on the use of sewage 

sludge in agriculture [7] should cover sludge from the forest industry (Article 

2a). Table 3 presents the limits on metals given in the directive as well as the 

Swedish values reported in 2006 [8]. It also includes values for primary sludge, 

bio-sludge and chemical sludge from one mill (Mill 1 in Paper I). Forest 

industry sludge does not exceed the legal limits for metals; it does, however, 

contain less nitrogen and phosphorus than sewage sludge. The content of 

nutrients needs to be enhanced if forest industry sludge is to be used as a 

fertiliser.  
 
Table 3.   Contents of regulated metals in sludge for use in agriculture[7]. 

Metal
Directive 86/278/EEC Swedish Swedish average Forest industry

mg/kg of TS Annex I A limit values sewage sludge* sludge**
Cadmium 20 to 40 2 0.9 0.3 to 2
Copper 1000 to 1750 600 349 8 to 40
Nickel 300 to 400 50 15 2 to 19
Lead 750 to 1200 100 24 2 to 10
Zinc 2500 to 4000 800 481 66 to 260

Mercury 16 to 25 2.5 0-6 0.08
Chromium not regulated 100 26 16 to 39
Elements
g/kg of TS
Nitrogen not regulated not regulated 45 4 to 18

Phosphorus not regulated not regulated 27.4 0.3 to 6.5

Concentration in sludges

 
*  Average values reported in 2006 [8]. 
** Values from primary sludge, bio-sludge and chemical sludge from one mill only. National  
    average was not available. 
 
3 Forest Industry Sludge Handling 

Sections 3.1–3.5 present process units that could be combined to form 

complete strategies for forest industry sludge handling. The overall purpose of a 

sludge handling strategy is to decrease the amount of solid material for disposal 

and recover energy. Incineration, anaerobic digestion and gasification provide 

energy recovery and solid material decrease. However, satisfying operation of 

these process units requires certain levels of TS content in sludge. Mechanical 

and thermal dewatering units are used to reach the desired TS content. Section 

3.6 presents a mathematical model for comparing strategies for forest industry 

sludge handling (from Paper I). 
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3.1 Mechanical Dewatering of Forest Industry Sludge 
A combination of process units is used to mechanically dewater forest industry 

sludge. When choosing a dewatering method several aspects need to be 

addressed, for instance, the TS content before dewatering, the sludge handling 

strategy, the type of sludge, and economics. Figure 2 shows the removal of 

water by using the mechanical dewatering units common in forest industries. 

The influent TS content decides which dewatering unit to choose, as the units 

operate in limited and different areas of TS. The chosen sludge handling 

strategy decides the required TS content. Mechanical dewatering is usually 

started at 0.5–1.5% TS. The first dewatering unit removes the majority of the 

water. In this region sedimentation and flotation are preferable to 

centrifugation as both dewatering units are more energy efficient [9]. Overflow 

from these dewatering units is dischargeable into the recipient, while filtrate 

from the subsequent units often requires additional treatment. The capacity of 

the belt press and the screw press is limited and depends on the proportion of 

bio-sludge to primary sludge. A centrifuge is required to dewater pure bio-

sludge.  

 
Figure 2.   Water removed by mechanical dewatering units, based on data from Krogerus 
                 et al. [9]. 

 
Table 4 shows a summary of the advantages, the disadvantages and the 

dewatering units’ consumption of electricity presented in Figure 2. It is advised 

that Figure 2 and Table 4 are read simultaneously. The advantages and 

disadvantages in Table 4 should be read considering that each pair of units (see 

Figure 2) represents dewatering units that are interchangeable. In addition to 
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the cost of electricity, the cost of mechanical dewatering includes investment, 

maintenance, and polymer use.  
 
Table 4. Presentation of dewatering units common in the forest industry, summarised 

from [9]. 

Unit
Energy need 

MWh/t TS
Advantage Disadvantage

Sedimentation 
basin

<0.005 Suited for high density 
sludge

Risk of odour.

Flotation unit 0.05—0.06 Suited for low density sludge High need of polymer.

Gravity table 0.03—0.05 Delicate treatment of sludge. 
Dewatering process is easy 

to monitor and adjust.

Risk of odour. Increased 
need of maintenance due to 
many moving parts, wear on 
belt and fouling of ploughs.

Rotary screen 
thickener

0.03—0.05 Decreased risk for odor. High need of polymer.

Belt press 0.002—0.01 Can manage sludge with 
high content of bio-sludge. 
Insensible to variations of 

inflow. Low investment cost.

Risk of odour. High 
maintenance. Reaches low 

dry contents.

Screw press 0.002—0.01 High dry contents can be 
reached.

Primary sludge is required.

Centrifuge 0.05—0.1* Can manage pure secondary 
sludge.

High use of polymer. 
Uncommon in forest 

industry sludge handling.
 

*TS content of inflow ≈3% 
 

There are two major contributors to poor dewaterability of bio-sludge: 

intracellular water and extracellular polymeric substances (EPS) with high 

capacity to bind water [10]. Wet bio-sludge is a viscous fluid composed of 

micro-organisms suspended in a matrix of EPS and water. EPS is composed of 

proteins, polysaccharides, DNA (from dead cells), lipids, humic substances and 

heteropolymers [10]. The main contributions are thought to be cell lysis, active 

secretion (from micro-organisms) and adsorption from the environment (for 

instance polymer addition) [11].  
 
Enhanced mechanical dewatering of bio-sludge involves cell lysis and/or EPS 

solubilisation [10, 12]. The disadvantage is that cell lysis and solubilising of EPS 

gives a higher organic content in filtrate and thereby increases the organic load 

on the wastewater treatment. There is also an increased risk of filter material 

clogging [13]. 
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Chen et al. [14] showed a 3—5 percentage point increase in the TS content in 

municipal sewage sludge after lowering the pH (to 2.5) using sulphuric acid. 

The EPS content of the filtrate increased (DNA 2.8 →3.0 mg/l, protein 

10→140 mg/l and polysaccharide 10→80 mg/l) and the viscosity of sludge 

decreased (from 2.9 to 2.2 mPas) after acidification.  
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Figure 3.  Results of preliminary acidification trial on forest industry bio-sludge, 

performed by the present author at Karlstad University, 10th of August 2007. 
 

Forest industry bio-sludge is assumed to behave similarly to municipal sewage 

sludge. Figure 3 shows the results from a preliminary trial with bio-sludge from 

Mill 1 in Paper I. The TS content increased in the filter cake with the addition 

of sulphuric acid, which correspond with the results of Chen et al. [14]. 

 
3.2 Thermal Dewatering of Forest Industry Sludge 
Thermal dewatering uses heat to evaporate water and thus increase the TS of 

forest industry sludge. The process increases the heating value and decreases 

the amount of sludge. The need for supporting fuel is consequently decreased 

and the feeding system operation is eased. Hippinen and Ahtila [15] described 

the drying process of forest industry bio-sludge from the forest industry. At the 

beginning of the test, as the initial dry solids content was relatively low, the 

sludge was in liquid form and the evaporation rate was close to that of pure 

water. The sludge thickened quickly and transferred into a sticky film (10—20 

%TS). The evaporation rate decreased in this region and remained low for the 

duration of the test. Then a large slug was formed that disintegrated into 

smaller slugs as the dewatering process proceeded. A total solids content of 

about 70% was reached in the test.  

 

0 ml H2SO4

30 ml

H2SO4

40 ml

H2SO4

50 ml

H2SO4

60 ml

H2SO4



 9 

Thermal dewatering is often inefficient from an energy point of view. There 

are; however, several ways to enhance the efficiency. One method is multi-

effect evaporation, which increases the efficiency of the dewatering process. 

Multi-effect evaporation of sludge is used by some mills with black liquor 

recovery systems. Another method is to let the sun and outdoor winds 

evaporate the water. A third method is to use waste heat as an energy source, 

which increases the efficiency of the system. Eklund et al. [16] dried forest 

industry sludge using low temperature heat (about 60°C) in a depressurised 
(absolute pressure of 0.12 bars) drum dryer.  

 
Figure 4.  a/ mechanically dewatered secondary sludge from Stora Enso Fors[16]. 
 b/ the sludge after thermal dewatering (56 % TS), the sludge had been mixed 

with a gray ash-like powder from Stora Enso Fors [16] .  
 c/ results and observations from a thermal dewatering trial with secondary 

sludge from Stora Enso Fors, adapted from [16]. 

 

They found that secondary sludge was prone to forming slugs with a hard dry 

crust and a moist interior (see Figure 4). The crust would hinder further drying. 

Sludge with some fibre content does not display the same behaviour (see 

Figures 5 and 6).  
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Figure 5.  a/ mechanically dewatered primary sludge from Stora Enso Fors [16].  
 b/ the sludge after thermal dewatering (90 % TS)[16].  
 c/ results and observations from a thermal dewatering trial with primary sludge 

from Stora Enso Fors, adapted from [16].  

 
Figure 6.  a/ mechanically dewatered mixed sludge from Stora Enso Fors [16]. 
 b/ the sludge after thermal dewatering (88 % TS) [16] .  
 c/ results and observations from a thermal dewatering trial with mixed sludge 

from Stora Enso Fors, adapted from [16]. 

 

3.3 Incineration of Forest Industry Sludge 
The main advantage of incineration is the process, which is well known, well 

spread, and accepted within the forest industry. The sludge is completely 

stabilised and energy recovery is achieved. It is common that mills use biofuel 

boilers for steam production. These are of either roster or fluid bed type and 
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both boiler types can be adapted to handle sludge. Even though, it appears that 

fluid beds have advantages over the roster bed; the fluid bed sand helps to 

erode pieces of sludge, and the control system for the burner is more flexible as 

compared to roster type burners.  

 

Gyllenhammar et al. [4] present an extensive study on operational and emission 

issues connected with the incineration of sludge. They found that primary 

sludge can often be handled in combination with the regular stream of bark and 

wood chips. Thermally dewatered sludge can also be handled in this stream. 

There is, however, an increased risk of experiencing problems with dust. Dust 

with a lot of fines can cause spikes in CO and VOC during incineration. These 

problems may require that the fine fraction be granulated or pelleted before 

incineration. The research group also found that bio-sludge can cause fouling as 

it becomes sticky at certain intervals of TS content. Odour problems are 

common in bio-sludge handling. Emissions from the incineration were found 

to be largely affected by the sludge’s content of sulphur, nitrogen and chlorine. 

Scaling problems, originating from ash, were also investigated; potassium and 

sodium were found to be the most significant elements and a prediction model 

for scaling was presented in [4]. 

 
Table 5. Heating values of different sludge types from the forest industry, modified from [4]. 

Sludge type
MJ/kg dry,             ash 

free
MJ/kg dry MJ/kg

Bio-sludge 
(6 mills)

Mixed sludge           
(8 mills)

20.3 (18—22.7) 15.6 (12—17.5) 3.5 (2—14)

Primary sludge        
(7 mills)

18.8 (17—21) 16.8 (12—21) 3.5 (1—5.5)

Chemical sludge      
(9 mills)

19.8 (17—22) 17.1 (13—20) 4.3 (3—6)

19.9 (18—22.5) 14.1 (10—16) 1.5 (0.2—3)

Effective heating value

 

A high content of water disturbs the incineration of bio-sludge. There is often a 

need of support fuel to avoid a bed temperature drop caused by a low heating 

value (see Table 5).  
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heff = effective heating value of dry ash free sample at 25 ºC (MJ/kg TS) 

hevap = heat of evaporation per kg of water at 25 ºC (2.442 MJ/kg) 
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A = ash content (wt%) 

TS  = total solids content (wt%)  

 

Figure 7 illustrates the influence of water content and ash content on the 

heating value of sludge. Equation 1 [17] was used to calculate the data of 

Figures 7 and 8. 
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Figure 7. The heating value dependence of total solids content and ash content for 
theoretical sludge with an effective heating value of 20 MJ/kg dry of ash free 
sludge. Calculated according to Equation 1. 

 

From a systems perspective, it is reasonable to present the heating value on the 

basis of total solids (see Equation 2 and Figure 8).  

TS

h
h net

specific

*100=  (2) 

hspecific = specific heating value per kg of dry fuel (MJ/kg TS) 

 

One percentage point of TS increased at low contents of TS influences the 

specific heating value more than one percentage point of TS increased at high 

contents of TS. Beyond 40 % TS, the specific heating value increase is 

moderate. Primary sludge is often possible to dewater mechanically to about 

this TS content. Thermal dewatering is often required to reach beyond this 

point. It should be noted that the energy demand for thermal dewatering is 

considerably higher than for mechanical dewatering. It is also higher than the 

generated increase of heating value. 
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Figure 8.  The influence of total solids and ash content on the specific heating values of 

sludge, expressed as energy per kg of total solids. Calculated according to 
Equations 1 and 2 using an effective heating value of 20 MJ/kg dry of ash free 
sludge. The ash contents are from the bottom 70, 30 and 0 % respectively. 

 

3.4 Thermal Gasification of Sludge 
Gasification converts biomass through partial oxidation into a gaseous mixture 

of syngas (hydrogen, carbon monoxide, methane and carbon dioxide). Air, pure 

oxygen, steam, carbon dioxide or mixtures of the four can act as oxidation 

agents. The syngas can be used to generate heat and power, such as natural gas, 

to synthesise other chemicals and liquid fuels, or to produce hydrogen.  

 

Wang et al. [18] concluded that gasification is a competitive way to use low-

value lignocellulosic biomass to produce syngas for combined heat and power 

generation, for synthesis of liquid fuels, and for the production of hydrogen. 

The authors, however, concluded that more research is needed to improve the 

syngas quality for commercial uses in gas turbines, fuel cells, and for the 

production of liquid fuels and hydrogen.  

 

Groß et al. [19] presented a pilot scale process suited for gasification of sewage 

sludge; the ETVS-process (see Figure 9). This process requires heating oil, 

electrical energy and sludge, and it generates electrical energy and thermal 

energy. The ETVS-process was used for modelling the gasification unit of the 

sludge handling model in Paper II (see Figure 12). 
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Figure 9.  Process schematics of the patented ETVS-process (Entwässern, Trocknen, 

Vergasen, Strom erzeugen – dewatering, drying, gasification, electric power 
generation) from [19]. 

 

3.5 Anaerobic Digestion 
The term anaerobic digestion (AD) refers to biologic degradation of organic 

substances in the absence of elemental oxygen. Industrial AD is often called 

bio-gasification because the degradation process produces biogas, i.e. methane 

and carbon dioxide. The remnant is called digestate and can be separated into a 

solid and a fluid phase. Several biochemical reactions compete for the organic 

carbon compounds during AD[5]. Two significant examples of the non-

methane forming reactions are reduction of sulphate and nitrate[20]. In this 

thesis anaerobic digestion will mainly be focused on biomass degradation and 

methane formation, thus treating competing reactions as factors for AD 

inhibition. 
 
Cell lysis is the first stage of anaerobic biomass degradation. The cell walls of 

micro-organisms from biological treatment of wastewater are fragmented. 

Complex polymers (carbohydrates, proteins and lipids) are thus solubilised and, 

accordingly made accessible to hydrolysing bacteria. Hydrolysis is an exocellular 

process where enzymes degrade the complex polymers into smaller compounds 

(amino acids, sugars, long chain fatty acids and alcohols) which can then be 
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transported over the cell walls. Volatile fatty acids (VFAs) are formed as 

intermediate products and excreted during fermentation and anaerobic beta-

oxidation. VFAs are comprised of propionic acid, butyric acid and valeric acid.  

 
Figure 10.  Schematic presentation of an anaerobic digestion process. 

 

Various parameters affect the rates of the different steps of the digestion 

process, e.g. pH and alkalinity, temperature, and retention times. High levels of 

VFAs in a solution result in a low pH. VFA degradation is inhibited at low pH-

levels, which will further increase the levels of VFAs (the optimum level for 

VFA degradation is in the pH range of 6.5 to 7.2 [21]). A decreasing pH and an 

increasing concentration of VFA indicate process disturbances. The 
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disturbances can be managed by a decrease in influent organic load or by an 

addition of hydroxide to increase the pH. 

 

Two temperature areas are generally used for AD: mesophilic (15–40°C) and 
thermophilic (40–60°C). Thermophilic digestion is faster than mesophilic 
digestion as the biochemical reaction rates increase with increasing temperature. 

Other advantages are an increased volatile solids reduction, improved 

dewatering, and an increase in the destruction of pathogenic organisms. 

Thermophilic digestion, however, requires more energy, it has lower quality 

supernatant, higher odour potential and poor process stability [21]. Operation 

in either temperature area requires additional heating because, although the 

overall process is exothermal, the reaction heat is not sufficient to compensate 

for the heat loss from the ambient heat exchange. In tropical climates, however, 

mesophilic AD may not require additional heating. 
 
AD is inhibited by several common substances if the concentration is high 

enough: ammonia, N-substituted aromatics, sulphide, sulphate, lignin, sodium, 

potassium, heavy metals, hydrogen, halogenated aliphatics, volatile fatty acids 

and long chain fatty acids. Details on the inhibition mechanisms of these 

compounds are found in [21, 22].  

 

Odour risk, poor dewatering properties and pathogens in digestate are potential 

operational problems with anaerobic digestion that could be managed with 

process control. 
 

3.5.1 Pre-Treatment Methods for Enhanced Methane Production 
The rate limiting factors of AD are generally associated with the hydrolysis 

stage. Various sludge disintegration methods have been studied for pre-

treatment purposes [21, 23] including thermal, chemical, biological and 

mechanical action; which are further developed below. 

 

• In general, thermal pre-treatment of bio-sludge can increase methane 
production for mesophilic AD and, to a lesser extent, for thermophilic 

AD, showing that the impact of preconditioning is more significant in a 

low-rate system such as mesophilic digestion [21].  

• Chemical pre-treatment hydrolyses the cell walls and membranes. The 
solubility of the organic matter contained within the cells is thereby 

increased. Various chemical methods have been developed, based on 
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different operating principles. The major groups are acid and alkaline 

hydrolysis, ozonation, and advanced oxidation methods [21].  

• Ultrasonic treatment uses an induced cavitation process to disintegrate 
sludge cells. Through a subsequent compression and expansion of the 

fluid under the effect of the ultrasonic waves, implosions are generated, 

which give local extreme conditions (temperatures of several thousand 

degrees centigrade and pressures of up to 500 bar) [21].  

• Biological hydrolysis with or without enzyme addition relies on the 
enzymatic lysis to crack the cell-wall compounds by an enzyme catalysed 

reaction. This method includes a pre-digester with short retention time 

[21].  

• High-pressure homogenisation first compresses the sludge then it 
depressurises it through a valve. The cells are subjected to turbulence, 

cavitation and shear stresses, which results in cell disintegration. It has 

been seen that the efficiency of improving AD of sewage sludge is rather 

low as compared to the other methods [21].  

 

The choice of pre-treatment method is dependent on the circumstances 

surrounding the process. Marjoleine and Weemaes [23] presented the major 

advantages and disadvantages of several commercially available pre-treatment 

processes along with an estimate of the price of treatment. Although it is ten 

years old this data can be used, together with the pre-treatment method review 

in [21], as a starting point for a discussion on choosing a pre-treatment method. 
 

3.5.2 Experimental Design for Anaerobic Digestion of Mixtures 
Waste products, such as municipal sewage sludge, manure, agricultural residues 

and other similar products, are potentially available for co-digestion with forest 

industry sludge. Anaerobic co-digestion of pulp mill and municipal sewage 

sludge is explored in Paper II.  

 

Experimental design is an approach that can be used to evaluate what effect the 

mixing of more than two substrates has on the AD process. Misi and Forster 

[24] were early in their use of experimental design for three-component 

mixtures to determine whether synergistic effects were present during AD of 

biological waste product mixtures. The authors stated that synergism and/or 

antagonism are not present in a mixture if the response can be adequately 

presented by a linear function. When synergism and/or antagonism exist, the 

response surface needs to be represented by a cubic or quadratic function. The 
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responses used for the experimental design were methane yield and the 

percentage of VS reduction according to Equation 4. The lattice in Figure 11 

was used. Alvarez and Lidén [25] used the same lattice for a three-component 

mixture design. Cornell [26] proposed the assumption that the variance of the 

experimental error is the same for all mixtures and thus only one point requires 

to be replicated. The experimental error variance was not tested in [24] and [25] 

since no replicas were performed.  

 
Figure 11.  Lattice for experimental design of three component mixture. X1 to x3 represent 

three pure substances and each point is a mixture of these. 

 
3.6 Model for the Handling of Forest Industry Sludge  
A mathematical model, for the handling of forest industry sludge was 

developed in Paper I. The model can be used to compare various strategies of 

sludge handling from the perspectives of energy and solid residue formation. It 

compares the energy use and energy recovery as well as the solid waste 

production of seven commercially available sludge handling strategies in 

Sweden. Seven strategies for sludge handling are presented in Figure 12 along 

with the outline of the model. Each computational unit responds with the 

energy that is utilised, the energy products that are formed and the type and 

amount of solid residue. Matlab is the software used for the calculations. Each 

computational unit is modelled in a separate function file and called on from 

one coordinating m-file. The model is described in Paper I.  
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Figure 12.  Outline of a forest industry sludge-handling model in combination with a 

presentation of seven strategies. MD = mechanical dewatering, TD = thermal 
dewatering, I = incineration, AD = anaerobic digestion and G = gasification 
(Paper I). 

 
4 Summary of Paper I 
Paper I presents the energy use and the energy recovery in wastewater 

management, including wastewater treatment and sludge handling. The aim was 

to identify where the greatest potential for energy savings and recovery can be 

achieved.  

 

Three Swedish pulp mills with different wastewater treatment technologies, 

different amounts of treated wastewater and different amounts of produced 

sludge were studied. The mills were selected with a view to obtaining data from 

various types of wastewater treatment processes, sludge yields and sludge 

handling strategies. Differences in the wastewater treatment processes result in 

varying amounts of produced sludge and varying electricity needs. The energy 

use in wastewater treatment was presented as is. The energy use and recovery as 

well as the solid waste production of seven commercially available sludge 

handling strategies in Sweden, were compared with a sludge handling model. 

The system boundaries in Paper I include wastewater management from the 
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spent process water to the plant gates. Figure 13 is a presentation of the total 

energy use and recovery for the current wastewater treatment and sludge 

handling strategies 1–6 for Mill 3. The current sludge handling follows strategy 

1: mechanical dewatering and no energy recovery. Mill 3 has the greatest 

potential for improvement, and the results show a positive energy result of 7–

19 GWh per year, regardless of which sludge handling strategy is introduced –

other than the current one. Mills 1 and 2 have less to gain from changing 

strategies since they already use energy recovery in their current sludge handling 

strategies.  
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Figure 13.  Results from energy simulations of the actual sludge mix of Mill 3. (WWT = 

wastewater treatment, MD = mechanical dewatering, TD = thermal dewatering, 
I = incineration and AD = anaerobic digestion) 

 

4.1 Conclusions Paper I  

• Aeration in the wastewater treatment has the greatest potential for 
energy savings. 

• Electricity used for aeration in the wastewater treatment process should 
aim at a sufficiently clean effluent, not at sludge reduction.  

• A high yield of secondary sludge increases the potential for energy 
recovery. 

• Primary sludge is preferably treated separately from secondary sludge. 

• Primary sludge should be used for material recovery rather than energy 
recovery.  
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• Secondary sludge is technically better suited for anaerobic digestion than 
incineration. 

• The sludge handling model is a useful tool for comparing various sludge 
handling strategies.  

 
5 Summary of Paper II 
Paper II explores the possibility to use anaerobic co-digestion of pulp mill 

secondary sludge with municipal sewage sludge to increase the total biogas 

production. The parameter “volatile solids degradation” (vsd) was defined in the 

paper (see Equation 3) and used as a measure of the efficiency of degradation. 

The parameter reflects on the actual degradation of volatile solids and is not 

impaired by a simultaneous decrease of dry solids content as is the case with the 

conventionally used parameter “volatile solids reduction” ( see Equation 4).  
 

n

ntn
nt vsa

vsavsa
vsd

,0

,,0
,

−
=  (3) 

ntvsd ,  = volatile solids degradation in mixture n after t days (%)  

nvsa ,0  = volatile solids mass per mass of ash in mixture n after 0 days (wt %) 

ntvsa ,  = volatile solids mass per mass of ash in mixture n after t days (wt %) 

luent

effluentluent

reduction vs

vsvs
vs

inf

inf −
=

 (4) 

reductionvs  = volatile solids reduction 

luentvs inf  = influent proportion of volatile solids in dry substance 

effluentvs  = effluent proportion of volatile solids in dry substance 

 

Synergetic effects were seen for all mixture proportions after long retention 

times (76 days). Secondary sludge from the pulp mill was more difficult to 

degrade than municipal sewage sludge. In 76 days municipal sewage sludge was 

degraded six times as efficiently as secondary sludge from the pulp mill, vsd 37% 

as compared to 6%.  

 
5.2 Conclusions Paper II 

• Volatile solids degradation, as defined in Equation 3, is an alternative 
parameter to volatile solids reduction and can be used to determine the 

efficiency of degradation and the amount of volatile solids degraded in 

the AD process. 
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• Mixing pulp mill secondary sludge with municipal sewage sludge is 
feasible and, provided that enough municipal sewage sludge is added, 

the degradation effect is at worst neutral and potentially somewhat 

improved. 

 
6 Discussion 
From an energy point of view, the electricity used for wastewater treatment 

should primarily be used for clean water production, not for sludge reduction. 

This holds true when sludge is treated as a bioenergy resource. From a 

sustainable development point of view, solid waste minimisation should be 

achieved using sludge handling strategies that include energy recovery. There is 

no conclusive answer to the question of whether incineration, gasification or 

anaerobic digestion is preferable. When deciding on a suitable strategy one 

needs to consider the current sludge handling strategy, the final use of the 

energy product and the potential operational difficulties. 

 

Anaerobic digestion has several advantages over incineration of secondary 

sludge. Secondary sludge is difficult to dewater mechanically and wet secondary 

sludge causes operational problems including feed problems and decreased bed 

temperatures. An additional benefit of anaerobic digestion is a nutrient rich 

filtrate from the digestate dewatering. These are needed in the forest industry 

wastewater treatment, and the total amount of nutrients added to the aerobic 

wastewater treatment unit can thus be reduced. If the sludge is incinerated, 

phosphorus remains in the ashes and the nutrients are slowly released. A new 

dose of nutrients must then be added to the biological wastewater treatment. 

Chemical wastewater treatment requires no nutrients. On the other hand, it 

seldom reaches sufficient effluent quality on its own, and it consumes resources 

such as metal salts. A low sludge production can save nutrients that are needed 

for biosynthesis. If sludge is anaerobically digested, however, the major part of 

the nutrients can be recirculated. A prolonged cycle for nutrients within the 

wastewater management process reduces the demand for industrially produced 

nutrients, which is preferable from a sustainable development point of view. 

 

Single-stage thermal dewatering offers no advantage from an energy point of 

view. Because of the low content of dry solids that can be obtained with 

mechanical dewatering of secondary sludge, thermal dewatering may be 

required to avoid operational problems during incineration. 
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The sludge handling model is a rough model intended for general estimations. 

All modules first use the data available on-site. The anaerobic digestion, the 

thermal dewatering and the gasification modules are all based on data from 

trials made with similar substrates on a pilot scale. The model can be used as a 

tool for comparing several sludge handling strategies. It can be expanded to 

include more details, for example, the incineration module is easy to adjust to 

an existing boiler. However, further investigations are required before a new 

strategy can be implemented at a mill. The main disadvantage of the model 

when it comes to aiding in the decision-making process is its lack of tools for 

economic analysis.  
 

The volatile solids degradation (vsd), see Equation 3, reflects on the actual 

degradation of volatile solids and is not confounded by a simultaneous decrease 

in dry solids content. It can be calculated using the variable vsa (see Section 5), 

assuming the amount of ash is unaffected by AD. The difference between vsd 

and volatile solids reduction was explored in Paper II. Both parameters describe 

the efficiency of the degradation of volatile solids for the AD process. Vsd can 

be used to distinguish smaller differences in degradation as compared to volatile 

solids reduction. It can also be used to determine the amount of volatile solids 

that is degraded in the AD process, using any presentation of the initial content 

of volatile solids. This implies that vsd is a more suitable efficiency response for 

AD than volatile solids reduction.  

 

Experimental design is a promising approach for optimising volatile solids 

degradation and biogas production from mixtures of organic-carbon rich 

substrates. Volatile solids appears to be a suitable mixing parameter [25]. The 

experimental error, however, needs to be addressed [26]. Especially since the 

experiments involve biological systems. Biogas production remains a proper 

response parameter, while volatile solids reduction ought to be replaced by 

volatile solids degradation, as previously discussed. Synergetic and/or 

antagonistic effects are present if the resulting mathematical model is not linear, 

as stated by Misi and Forster [24]. 
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7 Future Research 
In the course of the work with this thesis, some areas have been identified that 

require further investigation:  

 

• Enhanced anaerobic digestion through co-digestion of substrates. 
 

• A mathematical model for substrate combination and choice of pre-
treatment method for optimising anaerobic digestion. 

 
• Exploring the concept of digestate as a product, not a waste product. 
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Forest industry sludge as a  
resource for energy recovery

This licentiate thesis treats energy recovery from organic residues. Forest 
industries produce large amounts of carbon rich sludge as a by-product in 
their processes. Presently, this sludge is considered a poor quality biofuel for 
co-incineration with other biofuels, some mills treat it solely as a disposal 
problem. In this thesis an introduction to production, composition and 
disposal issues of sludge is provided. There is also a presentation of different 
processes for sludge handling. The aim of this work is to present a method 
for evaluating different sludge handling strategies from an energy perspective 
and to further develop anaerobic digestion as a process for energy recovery 
from this organic residue.

The thesis is based on two papers. Paper I presents an inclusive approach with 
focus on energy use and energy recovery in wastewater management, including 
wastewater treatment and sludge handling. Paper II explores the possibility 
to enhance biogas production by anaerobic co-digestion of pulp mill sludge 
with municipal sewage sludge.
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