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Abstract 

The pulp- and paper industry (PPI) faces a great challenge in finding new ways to reduce its overall 

carbon emissions. Large quantities of water are used in the pulp- and paper making process. In this 

context, a more sustainable wastewater treatment with a lower carbon footprint is of relevance for 

the PPI. Applied to a pulp- and paper mill (PPM) in Norway, the ongoing demonstration project 

“EffiSludge for LIFE” lowers the wastewater treatments (WWT) energy consumption while turning 

residual waste (bio sludge) into energy by implementing a new wastewater treatment concept. 

The aim of this study was to evaluate the current carbon footprint from a hypothetical PPM WWT 

plant, the potential lowering of the carbon footprint when applying the EffiSludge concept and the 

benefits in a larger scale assuming EffiSludge would be applied at all of the PPMs WWT in the Nordic 

countries represented by Sweden, Norway and Finland. An estimation of a current and future carbon 

footprint from one example mill was provided through the construction of one baseline and two case 

scenarios. Results from a laboratory biomethane potential experiment together with the responses 

from a survey and contributions from one example mill provided relevant input to the scenarios. 

The major impact on carbon emissions in the scenarios came from reducing electricity needed to 

aerate the biological WWT step. The maximum current carbon footprint from the parts of the WWT 

process included in the baseline scenario was 9.6-13 kg CO2-eq/kg pulp and the estimated future 

carbon footprint when implementing the EffiSludge concept was estimated as 3.6-5.9 kg CO2-eq/kg 

pulp. A reduction of 6-8 kg CO2-eq/kg pulp could be expected by implementing the EffiSludge concept. 

If the EffiSludge concept was introduced in all of the WWTP connected with Nordic PPMs a reduction 

of the carbon footprint with 55-180 million kg CO2-eq could be expected each year. This would reduce 

the total carbon emissions from the European PPI with 0.2-0.5 % annually 
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1. Introduction 

The pulp- and paper industry (PPI) is considered as the fifth largest contributor regarding energy 

consumption and carbon dioxide (CO2) emissions worldwide (Virkutyte, 2016). The Confederation of 

European Paper Industries (CEPI) represents a large part of the PPI and forest fibre industry in Europe, 

associated with over 900 pulp and paper mills (PPMs) and has set a goal to reduce the sectors 

greenhouse gas (GHG)-emission by 80 % by 2050 compared to 1990 (CEPI, 2017b). The target emission 

level is 12 million tonnes CO2 by 2050 (compared to 60 million tonnes CO2 during 1990). To reach that 

goal it is of importance to evaluate all possible means of reducing GHG emission from the PPI from 

harvesting and delivery of raw material, production processes, delivery of products and use of external 

resources such as chemicals, energy and water. 

Even though the amounts of fresh water used by the PPMs has been reduced during the last decades 

it is still substantial, resulting in large volumes of water (4 to 80 m3) to be treater per unit of final 

product (BREF, 2015). Therefore, emissions from the wastewater treatment plant (WWTP) are 

expected to be substantial as they are associated, for example, with utilization of energy and 

chemicals, and disposal of residues. The wastewater produced by PPMs is rich in solid waste and 

soluble organic matter and is treated in several steps in a dedicated WWTP. While most of the solids 

are removed by sedimentation or similar physical treatment, the soluble organic matter is 

conventionally treated by biological processes (e.g. the activated sludge treatment). Clean water, solid 

waste and sludges often disposed via incineration, are the main products from the WWTP. 

To reduce GHG emissions from WWTPs there is a need of implementing alternative and more 

sustainable technical solutions reducing both energy and chemical demand while supporting disposal 

of wastewater sludges and residues that allows the reuse and recovery of valuable products (CEPI, 

2017b). In this context, one example project addressing this is the ‘EffiSludge for LIFE – An innovative 

concept to improve resource and energy efficiency in treatment of pulp and paper industry effluents’ 

project. The project is developed by Scandinavian Biogas Fuels, in cooperation with Biokraft and the 

Norske Skog Skogn Pulp and Paper Mill and supported by the European Union LIFE-programme. The 

aim for EffiSludge for LIFE is to reduce the amount energy needed for aeration during biological 

treatment of wastewater. As a consequence, the affected sludge accumulated trough biological 

treatment of the wastewater will increase in volume, a benefit because it is expected to be utilized as 

a substrate to produce biogas via anaerobic digestion (AD). A large part of nutrients required in the 

biological WWT process can be recycled from the AD, reducing GHG-emissions from offsite production 

of chemicals (ÅF, 2017).Together these objectives propose a positive effect on the mill’s carbon 

footprint and will be taken into consideration when evaluating the connected carbon footprint. 

This thesis will focus on GHG emissions related to the onsite treatment of effluents from the PPMs. 

The environmental benefits from the EffiSludge for LIFE project in a larger perspective with the carbon 

footprint related to WWT at Nordic mills is the focus for this investigation. What potential benefits 

can be expected if the concept would be introduced in more mills in Sweden, Finland and Norway. 

Contributions to the carbon footprint from a baseline scenario will be compared with two case 

scenarios. The constructed baseline scenario reflects common practices at WWTP connected with 

Nordic PPM today while the case scenario tries to capture the expected impact when reducing the 

sludge age during the biological treatment step and using the produced sludge as substrate for 

anaerobic digestion.  

http://scandinavianbiogas.com/effisludge/
http://scandinavianbiogas.com/effisludge/
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2. Background 

2.1 The pulp- and paper industry 

Worldwide, pulp production is estimated at about 190 million tonnes per year. Europe is a key 

contributor supplying 22 % of the pulp (BREF, 2015). The total amount of pulp- and paper mills (PPM) 

in Europe is close to 900 with Sweden, Finland and Norway providing 60 % of the total European pulp 

(CEPI, 2014a). Focusing on the Nordic countries, in Norway there are about 10 mills, in Finland 40 mills 

and in Sweden 44 mills (Skogsindustrierna, 2015) (Finnish Forest Industries, 2017) (PITA, 2017). To 

produce pulp- and paper, fibrous material is used. The material comes from primary or secondary 

fibres (Kamali, et al., 2016). Primary fibres, or virgin fibres, are mainly wood based whilst secondary 

fibres consist of recycled paper and board products (Holik, 2006). The overall process is counting on 

several steps including wood preparation, pulping, washing, bleaching and drying of pulp, recovery of 

chemicals, paper making depending on the required final quality (Figure 1) and provides paper or 

board as final product. Each step often requires a high input of energy and fresh water, making the 

overall process demanding in terms of environmental impact 

 

2.1.1 A description of the pulp and paper making process 

The raw material entering the PPM is initially prepared through appropriate processes such as 

debarking and wood-chipping if necessary (Hubbe, et al., 2016). The pulp is then processed further 

with an option of several different pulping methods depending on the main approach to extract fibres 

which can be mechanical, chemical or semi-chemical, summarised in Table 1 (Holik, 2006) (UNEP IE, 

1996). 

The mechanical pulping process uses physical force, and sometimes heat (thermal processes), to 

defibre wood. In some cases, there is also a chemical treatment step combined with the physical and 

thermal steps. Refiners separate the fibres resulting in a pulp that contains everything that wood 

contains, including lignin, cellulose and hemicellulose. The available methods to produce mechanical 

pulp are; Stone groundwood (SGW), Refiner mechanical pulp (RMP), Thermomechanical pulp (TMP) 

and Chemi (-thermo) mechanical pulp (C(T)MP) (Holik, 2006) (BREF, 2015).  

The other main approach to produce pulp, chemical pulping, is applied through a combination of 

chemicals, high pressure and boiling. This softens and dissolves the lignin inside the wood at the same 

time as the cellulose is trapped and kept intact inside the fibres, increasing the strength of the pulp 

(UNEP IE, 1996). Most of the chemical pulp derives from the alkaline sulphate process, commonly 

known as the “Kraft process”. The yield of pulp from the raw material is only between 40-55 % as a 

large part of the wood is dissolved in the pulping process (Holik, 2006).  

The semi- chemical pulping process is a third and less common option to produce pulp. The approach 

is similar to the chemical pulping process, but cooking time, temperature and amount of chemicals is 

reduced, often to provide a higher pulp yield from the raw material. The most common semi-chemical 

pulping process is the Neutral Sulphite Semi-chemical process (NSSC) (Holik, 2006) 

Figure 1. Schematic representation of the pulp- and paper production process from raw material to final product. 
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There are options available regarding input of virgin fibres from wood as a raw material. Some mills 

use recovered fibres for their entire pulp production, others include it partwise or not at all. In the 

Nordic countries access to virgin fibres is abundant as the countries are covered by forest and the use 

of recycled paper is therefore less common in the Nordic countries than in the southern parts of 

Europe (Bajpai, 2015). The majority of the pulp in Finland and Sweden is produced by the 

Sulphate/Kraft process, 58 % of the Finnish and 43 % of the Swedish pulp is produced by Kraft mills. 

In Norway the thermo mechanical (TMP) process is dominating, (Figure 2). 

 

A bleaching step can be included after pulping but prior to pulp drying and final paper production if 

white quality paper is desired. Mechanically produced pulp does not require bleaching to the same 

extent as pulp produced in the Kraft process. The mechanical pulp is often relatively bright due to the 

lignin retained inside the fibres. If additional bleaching from mechanically produced pulp is still desired 

an application of hydrogen peroxide is the most common method. (Holik, 2006) (UNEP IE, 1996). Pulp 

from recovered fibres is usually in no need of bleaching either. Chemically produced Kraft pulp can 

however be very dark and therefore require bleaching and about 65 % of the Kraft pulp produced in 

Sweden is bleached (Skogsindustrierna, 2015). To bleach Kraft pulp, the lignin needs to be broken 

down and dissolved further. Usually a combination of several compounds treats the pulp in various 

steps. There are two common bleaching methods available for chemical pulp, elementally chlorine 

free (ECF) and totally chlorine free (TCF). ECF bleaches the pulp without using chlorine but might use 

chlorine compounds such as chlorine dioxide, TCF does not use any chlorinated compounds. 

After finalizing the pulping process, the pulp is either processed directly or dried. If the pulp is dried 

other mills in the same company might receive the pulp, if not the pulp is sold as market pulp. The 

amount of pulp produced is generally reported as air dried tonne (ADt) with 10 % of water always 

present in the pulp due to the moisture present in air (Byers, et al., 2010). The final product of pulp is 

however defined as paper, sanitary or board products. Paper products include newsprint, coated or 

uncoated paper and writing paper while sanitary paper includes tissues and other hygienic papers. 

Board products includes container board, carton board and wrapping paper (CEPI, 2014b). 

2.1.2 The sustainability challenge 

The PPI commitment towards the environment, concerning sustainable pulp, paper and board 

production is high. This is due to an extensive demand of primary resources from the PPI, including 

resources such as wood, water and fuels for heat and power generation from the PPI,  resulting in high 

emissions of GHGs. In Europe alone, the PPI annually consume more than 100 000 GWh worth of 

electricity with a total fuel consumption of ca 1 million TJ (CEPI, 2014a). Data from 2013 show that the 

direct CO2 emissions were ca 35 megatons annually, giving a specific emission of 0.33 kg CO2 per ton 

Figure 2. Pulp production in the Nordic countries. Sources: a) (Skogsindustrierna, 2015) b) information gathered 
from PPMs webpages. 
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of product (CEPI, 2014a). To understand the impact on GHG-emissions from WWTP connected to 

PPMs, and furthermore the parts of the wastewater treatment that is involved when applying the 

EffiSludge for Life concept, the CO2 emissions from each process step is summarized as a carbon 

footprint. A carbon footprint is calculated based on the contribution of different greenhouse gases 

(GHGs), with carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O), as the most common gases 

to include. CO2 is used as a reference gas and the effect, often on a 100-year horizon, is compared 

towards the other GHGs (emission values for the different GHGs is presented in Appendix F: Emission 

factors from greenhouse gases). The carbon footprint is generally understood as a summary of the net 

GHG-emissions connected to a product, usually expressed with emission factors in CO2-

equvivalents/unit. Direct emissions, defined as “emissions from sources that are owned or controlled 

by the company” can include emissions from the combustion of on-site fuels for heat and power 

generation, as well as non-energy related emissions from chemical reactions or leakage (Greenhouse 

gas protocol, 2004). Indirect emissions, defined as “emissions from purchased electricity” and 

“emissions due to company activities, occurring from sources not owned or controlled by the 

company”, including emissions from actions like chemicals delivered to a site as well as emissions from 

transportation of materials or dispatch of final products (Greenhouse gas protocol, 2004). 

At present, the aim from the PPI is to implement innovative process solutions to reach 80 % less carbon 

emissions during 2050 compared with levels from 1990 (CEPI, 2017b). To reach this target, direct and 

indirect carbon emissions must be reduced from 60 million tonnes to 12 million tonnes with action 

focused on the following four main process areas: 

(1) Improvement of energy efficiency 

(2) Flexibility from the demand side  

(3) A switch from fossil to renewable fuels  

(4) Replace old techniques with emerging innovative technologies  

These four focus areas can be applied to each step in the paper production where innovation and 

optimisation can contribute to reduce the carbon footprint. For the scope of the work presented in 

this report, the treatment of generated wastewater during pulp production has been considered, 

considering current conventional treatment and potential future innovation under development. The 

investigation of the so called EffiSludge concept applied to wastewater treatment (2.4 The EffiSludge 

) is an example of implementation of innovative technical solutions. 

 

2.2 Treatment of pulp and paper mill’s effluents 

The amounts of fresh water used to produce pulp- and paper varies between 4 and 80 m3 per ADt, in 

line with the best available practice and considering process innovation implemented during the last 

decades to reduce water demand (BREF, 2015). The large variation in waterflow depends mainly on 

the different process methods adopted to generate pulp but also environmental conditions such as 

access to fresh water  (Figure 3). Only 11 % of the total ingoing fresh water is consumed by evaporation 

and 1 % is embedded in products, the remaining 88 % is returned to the environment after onsite 

treatment (Kamali, et al., 2016). 
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2.2.1 Wastewater characteristics connected to pulping procedures  

Parameters contributing to the characteristics of the wastewater are; raw material (subjected to 

seasonal variation), waterflow, pulping method, bleaching and onsite operation. (Larsson, 2015) 

During the pulping process wastewater is released during several different process steps (Figure 3) 

creating different streams from PPMs treated at a WWTP. The waste streams differ from each other, 

meaning that variation within the wastewater occurs not only between different mills but also within 

the specific mill. However, it is common practise within a mill to treat all wastewater stream in one 

centralised WWTP. 

 

 

Figure 3. Overview of the different processes resulting in streams of wastewater with varying characteristics. 
PPM = Pulp- and paper mill, ECF = Elementary chlorine free, TCF = Totally chlorine free 

 

PPMs producing mechanical pulp or pulp from recovered fibres have a lower fresh water demand than 

PPMs producing chemical pulp in general. Values have been found in a range between 9-16 m3 per 

ADt for TMP mills and 1.5-15 m3 per ADt for RC mills respectively, while Kraft mills had a higher 

wastewater flow presented between 15-40 m3 per ADt (BREF, 2015). The level of organic content in 

the wastewaters was on the other hand similar when comparing different pulping techniques. Using 

chemical oxygen demand (COD) as a measurement of organic content, values from TMP mills was 

found between 2-7.2 g COD/L wastewater, RC mills as 0.6-15 g COD/L wastewater, and Kraft mills as 

0.6-6.5 g COD/L wastewater. Wastewater from bleached Kraft pulping did however demonstrate a 

higher level of organic content of 13.3 g COD/L wastewater (Meyer & Edwards, 2014).  

Another factor found to affect the wastewater characteristic was the raw material, with wastewater 

from pulp produced by hard wood (HW) material such as birch or aspen containing higher amounts of 

soluble organic matter (sCOD) than wastewater from pulp produced by soft wood (SW) such as spruce 

and pine. Wastewater from recycled paper was generally found be higher in organic content than 

wastewater from mills treating primary fibres. Processing recycled paper did however also results in 

an effluent that contain contaminants such as ink, coating components, dyes, foil and laminations to 

mention a few. 

Overall, it is challenging to generalise the composition of the wastewater depending on the process 

adopted. However, from the assessment of the information collected in Table 1, the following aspects 

was considered focusing on the possibilities of biogas production from wastewater: 

• If the pulp yield is low, more organic waste is produced that have a possibility to be transformed 

into biogas.  



 

15 

• If the mill uses a lot of water the wastewater streams are diluted. Less organic waste is present 

per m3 wastewater with a negative impact on the biogas production as a possible consequence.  

• The raw material of the wood used to produce the pulp will be of importance. HW and SW contains 

different amounts of lignin and hemicellulose. HW is more easily degradable and will produce 

higher amounts of soluble organic matter in the wastewater streams resulting in a higher potential 

for biogas production (Larsson, 2015). 

• If chemicals are used in the process, they will be present in the wastewater. Bleaching the pulp 

will increase the organic content but might also add toxic compounds or dissolve lignin. (Larsson, 

2015). The presence of chemicals can therefore either be beneficial and enhance biogas 

production or disturb the anaerobic digestion trough inhibition. 

Focusing on carbon emissions, the largest difference that can be noted between pulping methods, 

presented in Table 1, is the electricity demand during biological treatment, with TMP, CTMP and RC 

mills higher in demand than Kraft mills. The energy demand presented as best practice was between 

10-25 and 4-8 kWh per ADt for TMP/CTMP/RC pulping mills and Kraft pulping mills respectively (BREF, 

2015). The carbon footprint from TMP/CTMP mills can thus be expected as higher due to increased 

indirect emissions from electricity production needed for the process, but the large amount organic 

content in need of treatment also giving the possibility of a greater biogas production potential. 
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Table 1. A summary of various aspects from common pulping methods applied at PPMs including the characteristics of the produced wastewater together with current energy 
demand from the mills WWT. References; a) (Holik, 2006)b) (Gottsching & Pakarinen, 2000) c) (BREF, 2015) d) (Meyer & Edwards, 2014) 

Pulping 
method 

Common pulping 
processes a 

Pulp 
yield a 

Paper quality a Bleaching procedure a Waterflow c 

(m3/ADt at the 
point of 
discharge) 

Organic content d  
(g COD/L ww) 

Electricity demand, 
biological effluent 
treatment c  

(kWh/ADt) 

Mechanical 
pulping 

Groundwood pulp 
(GW) 
Thermomechanical 
pulp (TMP) 
Chemi-mechanical 
(CMP) 
(Bleached) Chemi-
thermomechanical 
pulp ((B)CTMP) 

98 % 
91-95 %  

 
85-95 % 

Contains lignin 
= Wood 
containing 
paper 

Hydrogen peroxide (H2O2) TMP: 9-16 TMP: 2-7.2 
 
CTMP: 6-10.4 
 
BCTMP: 9.3 

10-25 

Chemical 
pulping 

Sulphate (Kraft) 
Sulphite 

40-55 %  Removes 
lignin = Wood 
free paper 

Elementally chlorine free 
(ECF), might use chlorine 
compounds 
Totally chlorine free (TCF), 
does not use any chlorinated 
compounds. 

Unbleached 
Kraft: 15-40 
 
Bleached Kraft: 
15-40  
 
Sulphite:  
25-50 

Kraft:  
0.6-6.5 
13.3 
 
 
 
Sulphite:  
6.2-48 

4-8 

Semi- 
Chemical 
pulping 

Neutral Sulphite 
Semi- chemical 
(NSSC) 

75-85 %  
 

  11-20 1.8-19 n/a 

Recovered 
fibre 

Uses recycled paper 
(RC) 

55-80 %  Is often mixed 
with virgin 
fibres from 
other pulping 
procedures 

Integrated with deinking 
process. Depending on wood 
containing or wood free 
paper, similar process as for 
mechanical or chemical pulp 
is applied b 

Not deinked: 
1.5-10 
 
Deinked:  
8-15 

0.6-15 10-25 
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2.3 The wastewater treatment process  

In the wastewater treatment process solid particles such as lumps of fibres, wood chips, sand and 

possible glass or metals parts are separated from the wastewater flow during preliminary and primary 

treatment (Figure 4). Soluble organic matter is instead mainly degraded into wastewater sludge during 

secondary treatment. Further treatments, tertiary treatment, are in some cases necessary to reach 

required water quality standards set by the legislation including sand filtration, ultra-filtration, 

ozonation, adsorption, coagulation, flotation and flocculation (Thompson, et al., 2001) (Hubbe, et al., 

2016). While primary and secondary treatment are available in all PPM WWTP, tertiary treatment is 

not as common with aspects such as sludge forming and high energy costs to consider (Cabrera, 2017). 

 

Figure 4. A simplified schematic for a typical process at a pulp- and papermill (PPM) wastewater treatment plant.  

2.3.1 Preliminary and primary treatment 

In a preliminary step the waste that is separated from the wastewater mainly consists of large objects 

and is removed to not disturb the process by for example clogging pipes. After the preliminary 

treatment, a sedimentation step separates large particles by gravity. This step takes place in the 

primary settler (S1) with the settled material denoted as primary sludge. Approximately 70 % of the 

sludge from PPMs is primary sludge (Meyer & Edwards, 2014). The primary sludge consists of both 

organic and inorganic compounds such as fibrous materials, lignin, cellulose and hemicellulose, sand, 

coating and metallic components (Bajpai, 2015) (Kamali, et al., 2016). 

2.3.2 Secondary treatment – the biological treatment step 

There are several ways available to biologically treat wastewater, using bacteria that thrives in oxygen 

rich conditions (aerobic bacteria) is considered the most common approach. The activated sludge 

treatment (AST) is one approach that includes aerobic bacteria which is used by 60-75 % of the WWTP 

treating PPM effluent (BREF, 2015). During the AST aerobic bacteria degrades organic material 

quantified in terms of soluble COD (sCOD) in the wastewater. The bacteria involved with performing 

the secondary treatment use the organic components in the wastewater as a source of energy. The 

bacteria, or microbes, converts soluble organic matter into to water and CO2 while increasing the 

number of bacteria present, detectable as an increase of suspended solids (SS) (Bajpai, 2016). As much 
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as 30-60 % of the organic material is transformed into biomass (or SS) during aerobic degradation (van 

Lier, et al., 2008) (Henze, et al., 2002). 

As wood processing effluent are usually low in nitrogen (N) and phosphorous (P) content, addition of 

external nutrients is needed to provide the microbes in the biological treatment with the necessary 

amounts needed for microbial respiration and growth. The biochemical oxygen demand (BOD) is 

another method to quantify organic content in wastewater and is often used as a reference when 

evaluating the optimal amount of nutrients needed for a stabile microbial process. The BOD:N:P ratio 

required for a general process is mentioned as 100:5:1, but in an optimized industrial process the ratio 

is often lower and closer to 100:3.5:0.6 (Möbius, 1991). The influent BOD:N:P ratio in PPM wastewater 

has been noted as lower and closer to 100:[1-2]:[0.02-0.3] (Cabrera, 2017). With the input from these 

ratios 43-72 % of the nutritional need of nitrogen and 50-84 % need of phosphorus must be added in 

the activated sludge treatment from nutrients produced off-site. 

The waste from the secondary treatment is known as biological sludge or waste activated sludge 

(WAS). The characteristics of the sludge will differ depending on what components are present in the 

wastewater, how rich in organic content the wastewater is and what treatment processes that has 

been applied. (Hubbe, et al., 2016) A large part of the sludge produced by the AST will recirculate back 

from the secondary settler to the aerobic basin as returned activated sludge (RAS) to keep an effective 

treatment of the effluent, as explained in Figure 3. The excessive part of WAS must be disposed of at 

a cost. A common approach to produce less WAS, and thereby reduce associated disposal costs, has 

been to increase the amount of time the wastewater and the accumulated WAS spends in the 

biological treatment, extending the aeration time. In this report, extended aerations is considered as 

the conventional way of treating the wastewater. The uphold of wastewater, also known as hydraulic 

retention time (HRT), lies between 18-36 hours during biological treatment with extended aeration 

while it is found between 4-8 hours when treating the wastewater without extended aeration, placing 

EffiSludge conditions in the lower part of the span without extended aeration (Mahmood & Elliott, 

2006) The time WAS is spending in the aerobic basin, also known as sludge age, is about 20-30 days 

when applying extended aeration. Without extended aeration the sludge age is instead in the range 

between 5-15 days, also with EffiSludge conditions placed in the lower part of that range (Mahmood 

& Elliott, 2006). When applying extended aeration, the substrate available for the bacteria is limited 

and aerobic bacteria is prioritising energy for cell maintenance instead of growth in a process called 

endogenous respiration (Stoica, et al., 2009). During endogenous respiration the amount of sludge 

produced is reduced generating a lower amount of WAS for each m3 of wastewater treated. However, 

to support extended aeration a higher input of energy in the form of electricity is required. 

To dispose WAS directly after the secondary settler (Figure 3) would be costly as the sludge volumes 

to handle are high due to a low TS of 1-2 % in the sludge (Meyer & Edwards, 2014). A thickening step 

is usually applied prior to dewatering to save energy. There are two main approaches to thicken the 

sludge, static and dynamic. Static thickening uses force such as gravity. Dynamic thickening can be 

performed by flotation, as an example by dissolved air flotation (DAF), or mechanically by a centrifuge 

(Pradel & Reverdy, 2012). Primary sludge is normally treated by a gravity thickener, that treatment is 

however not effective enough for WAS which needs dynamic thickening. WAS is hard to dewater due 

to the structure of its content. The particle size of microbial cells is small, and the cells act as small 

balloons containing the water inside (Hubbe, et al., 2016). Two thirds of the water content can 

however be reduced in the thickening process, concentrating the WAS to a solid content of 6-7 % 

(Bachmann, 2015) (Apples, et al., 2008). There are several techniques possible also for dewatering, 

such as centrifugation, belt filter presses and filtration (Pradel & Reverdy, 2012). Trough dewatering 
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of WAS the solid content can increase further, reaching a solid cake content of 12-20 % with the use 

of a belt filter press (Centrisys Corporation, 2108) 

An alternative option for biological treatment is to process the wastewater during an extended time 

in aerated ponds (BREF, 2015). Less common anaerobic methods can be used, including anaerobic 

filters (AFs), up flow anaerobic sludge bed reactors (UASBs), external circulation sludge beds (ECSBs) 

and anaerobic membrane bioreactors (Kamali, et al., 2016). Anaerobic treatment steps of wastewater 

are however not commonly used as sole means of treatment but as pre-treatment to an aerobic 

biological treatment step. 

2.3.4 Tertiary treatment 

If a tertiary treatment is deemed necessary to reach required pollutant levels set by government 

legislations several methods are applicable. Some of the methods that can be used are; sand filtration, 

ultra-filtration, ozonation, adsorption, coagulation, flotation and flocculation (Thompson, et al., 2001). 

Some of the methods create large amount of chemical sludge, such as treatment by chemical 

flocculation (Hubbe, et al., 2016). Chemical sludge consists of residuals of SS from previous treatment 

steps aggregated to larger particles by flocculation. The dewaterability of chemical sludge is poor and 

it is commonly disposed together with primary and secondary sludge (Monte, et al., 2009) 

2.3.5 Sludge disposal 

Historically, wastewater sludge from pulp- and paper mills has been disposed of in landfills or via 

incineration. Due to legislations banning landfilling, sludge management practices have changed 

recently and disposal of sludge by incineration is now generally regarded as the most common option 

for sludge disposal in Europe (Monte, et al., 2009). After incineration the sludge volume is reduced by 

roughly 75 % and the remains, consisting of ash, is placed at a landfill. Due to low heating values of 

dewatered pulp- and paper mill sludge (PPMS) ranging between 0-6 MJ kg-1 dry solids (DS) the sludge 

is usually co-fired together with other material such as wood residues and bark to provide energy 

possible to recover in the PPM process (Gavrilescu, 2008). 

As an alternative, sludges could be disposed via Anaerobic Digestion (AD) for biogas production (see 

section 2.5 Bio-methane production from wastewater sludge). AD of PPM WAS is however not 

currently considered profitable due to the characteristics of WAS. Hydrolysis of microbial matter and 

associated complex organics called extracellular polymeric substances is time consuming and 

considered a challenge in the AD process. Costly pre-treatments including thermal, chemical or 

biological, might be needed to rupture the cell walls to increase the amount of soluble COD present 

and secure efficient anaerobic degradation (Meyer & Edwards, 2014) (ÅF, 2017). Furthermore, a direct 

negative correlation has been reported between the degradability for WAS and an increase of sludge 

age (further explained in section 2.5.2 Biogas production and bio-methane potential from waste 

activated sludge) (Barber, 2014). 

2.4 The EffiSludge concept 

The EffiSludge for LIFE project is partially funded by an EU project called the Life-programme 

(Scandinavian Biogas, 2018). The aim with the project is to work towards important climate goals, 

lowering the carbon footprint at PPMs mainly through a reduced energy demand. The concept is based 

on modifications of conventional activated sludge treatment (AST) commonly used at PPMs. There are 

four focus areas constructing the EffiSludge concept, further explained below. 

http://scandinavianbiogas.com/effisludge/
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1. By reducing the sludge age and increasing the organic loading rate (OLR) substantial amounts of 

energy can be saved through a reduced need of aeration per m3 of wastewater if the wastewater 

is treated by AST.  

2. As the sludge age decreases WAS increases in volume but the suitability for AD will improve. This 

provides the possibility of energy recovery trough biogas production. The digested sludge is 

further reduced in volume and has the possibilities to be disposed of similar as WAS or as fertilizer 

substituting the use of mineral fertilizers. 

3. The production of biomethane is addressing the increased need of a fuel switch favouring 

renewable energy sources. The production of biomethane from WAS has possibilities to substitute 

the use of fossil fuels reducing the carbon footprint from PPMs even further. 

4. While treating the accumulated WAS from the AST with AD a recycling of nitrogen and phosphorus 

from the digested sludge back into the AST is expected to lower the carbon footprint by reducing 

emissions from production of chemicals. 

2.5 Bio-methane production from wastewater sludge 

The PPI gained interest in AD first during the 1980s, but it is still not used as common practice when 

treating PPM wastewater. It has previously been proven difficult to treat PPM wastewater 

anaerobically due to the complex nature of the effluents (Meyer & Edwards, 2014). Even though 

wastewater from PPMs is rich in carbohydrates, other compounds mixed in the effluent such as 

lignocellulosic material and toxic substances have been tough to treat by regular AD. The previously 

mentioned large variation in wastewater composition has furthermore been demonstrated difficult 

for the microbes to adapt to. (Meyer & Edwards, 2014) However, research in the field has led to great 

progress. A change of legislations reducing the presence of chlorinated compounds in the pulp- and 

paper making process together with advanced knowledge about suitability for AD from PPM 

wastewater has increased the possibilities to use PPM effluents as a substrate (Hagelqvist, 2013). 

2.5.1 Anaerobic digestion 

The production of biogas from AD is a complex fermentation process involving several stages. In the 

anaerobic degradation chain different microorganism processes organic matter in an environment 

that does not include oxygen. Polymers such as polysaccharides, proteins and lipids are degraded in 

four main steps: Hydrolysis, Acidogenesis, Acetogenesis/Dehydrogenation and Methanation, as 

demonstrated in Figure 5. Each step is populated by distinct types of microorganisms. It is important 

that each step of the process is properly balanced, carefully considering the degradation rate of 

different substrates at rate limiting steps. This will optimize the process and avoid reactor failure. The 

final step of the process results in methane (CH4) and carbon dioxide (CO2) (Weiland, 2010). 
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Figure 5. A schematic figure explaining the different steps included in the AD process adapted from Mata-
Alvarez and Apples et al (Garcia-Heras, 2003) (Apples, et al., 2008). 

Hydrolysis 
The AD process starts with a hydrolysing step where insoluble organic material is degraded by 

extracellular enzymes, for example cellulase, amylase and lipase (Weiland, 2010). Big molecules such 

as polysaccharides, proteins and lipids are depolymerized into soluble substances such as 

monosaccharides (sugars), amino acids and fatty acids (Apples, et al., 2008) (Angelidaki I, 2011). The 

waste sent to be degraded can either be a mixture of polysaccharides, proteins and lipids, or as for 

activated sludge that mainly consist of microbial material, a composite material where all the 

components are included lumped together (Angelidaki I, 2011). Hydrolysis is considered a rate limiting 

step. Different substrates will react with different speed and this is a crucial factor also when it comes 

to choosing which kind of reactor to use for the biogas process (Angelidaki I, 2011). 

Acidogenesis 
Acidogenesis or fermentation degrades the organic material further in a second step. There are 

different pathways depending on what type of substrate that is being converted. Monosaccharides 

and amino acids will as one example degrade the same way (Angelidaki I, 2011). Different volatile fatty 

acids such as acetate, butyrate, caproate and propionate are produced by the acidogenic bacteria. 

This step also results in by-products such as ethanol, ammonia, CO2 and hydrogen sulphide (Apples, 

et al., 2008). 

Acetogenesis 
As a third step of the AD formation of acetate is performed during acetogenesis. Both the VFAs and 

the ethanol digested by acetogens are oxidized to acetate. During this oxidation H2 and bicarbonate is 

also produced. The acetogens are sensitive to high concentrations of hydrogen and need a low partial 

pressure of H2 in order to grow (Angelidaki I, 2011) (Weiland, 2010). 

Methanogenesis 
The methanogens belong to the archaea domain and are involved in the last step in the AD-chain. 

They live in completely anaerobe environments and metabolizes the products from acido- and 

acetogenesis. There are two main groups of methanogens involved. The first group is splitting acetate 

resulting in CH4 and CO2. The second group produces methane by using hydrogen to donate electrons 

and carbon dioxide as acceptors (Apples, et al., 2008). There are three main pathways to produce 

methane. The different pathways to produce methane use different material and methods, but they 

end up with the same product, methane and carbon dioxide (Angelidaki I, 2011). 
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2.5.2 Biogas production and bio-methane potential from waste activated sludge (WAS) 

The theoretical methane production from a generalized organic substance, based on COD, is 0.35 m3 

CH4/kg COD (Li & Khanal, 2017). The theoretical methane potential (or stoichiometric CH4-yield) can 

also be estimated by the content in any substrate if the elemental composition is known in detail, 

using Buswells equation (1) (Li & Khanal, 2017). 

 

𝐶𝑎𝐻𝑏𝑂𝑐 + (
4𝑎 − 𝑏 − 2𝑐

4
) 𝐻2𝑂 → (

4𝑎 + 𝑏 − 2𝑐

8
) 𝐶𝐻4 + (

4𝑎 − 𝑏 + 2𝑐

8
) 𝐶𝑂2 (1) 

 

The theoretical methane potential for carbohydrates, protein and lipids have been estimated with 

Buswells equation (Angelidaki I, 2011). Estimations of carbohydrates has been made with the 

elemental composition of C6H10O5 from cellulose, protein with the elemental composition C5H7NO2 

from gelatine and lipids with the elemental composition C57H104O6 from glycerol trioleate (Angelidaki 

I, 2011) with a resulting methane potential of 415, 496 and 1014 ml CH4/g VS for cellulose, protein 

and lipids respectively. The methane potential from lignin is considered as zero (Weiland, 2010). The 

ratio between the produced CH4 and CO2 varies depending on content and composition of the 

substrate used during AD, with the fraction of CH4 normally between 50-80 %, for WAS closer to 55-

65 % (Appels, et al., 2011). 

The generic composition of WAS has been assumed to be: 0-23 % carbohydrates, 22-52 % protein,  

2-10 % lipids, 19-27 % cellulose, 36-50 % Lignin (Meyer & Edwards, 2014). 

Based on theoretical methane yields from carbohydrates, proteins and lipids described above the 

theoretical methane yield was estimated to range between 208 to 566 mL CH4/g VS, with a medium 

value of 388 mL CH4/g VS. The value was with calculations presented in Appendix C: Calculations of 

theoretical methane yield. Strengthening the calculations of theoretical methane yield from WAS is a 

reported theoretical biogas yield of 788 mL biogas/g VS from WAS. That amount of biogas would result 

in a methane yield of 394 mL CH4/g VS if 50 % of the biogas were assumed to consist of methane 

(Barber, 2014). 

Despite theoretical methane yields from WAS comparable with those obtained by conventional 

digestion biomass of food residues (260 mL CH4/g VS), municipal sewage waste (386 mL CH4/g VS), 

cattle manure (236 mL CH4/g VS) or wheat straw (282 mL CH4/g VS) (Langeveld & Peterson, 2018), 

actual methane yields showed values between 30 and 123 mL CH4/g VS depending on the 

characteristics of WAS (Table 2). With a biodegradability index between 20 % and 50 %, evaluated 

based on the maximum theoretical methane yield of 387 mL CH4/g VS a poor digestion efficiency is 

suggested. Particulate organic matter is expected to reach a degradability between 30-60 %, with 

examples of cow manure degradability between 40-50 % and pig manure degradability between  

55-65 % (Angelidaki I, 2011). The poor degradability of WAS is suggested to depend on two main 

factors, the components present in the wastewater and the characteristics of the WAS. The influencing 

factors concerning wastewater are related to upstream treatment including raw material, 

concentration of organic pollution, pulping technique, bleaching components, presence of other toxic 

compounds and volumetric flow of importance (Larsson, 2015). The sludge characteristics is based on 

time of aeration and feed rate in the AST, which controls the level of degradation of the WAS. During 

extended aeration, degradation of the microbial matter is reached to a higher degree. When cells have 

longer time to complete their metabolic processes, the amount of cell decay will increase in the 
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suspended solids (SS). Dead cell material is hard to degrade further which decreases the biomethane 

potential from the sludge (McKinney, 2004). Another aspect effecting the availability for AD from WAS 

is that as the sludge age increases ammonia levels have been noted to also increase while BOD levels 

instead decreases, reducing the sludge yield but rendering a negative effect on WAS as substrate for 

anaerobic digestion from ammonia. The VS-reduction has been reported as 30, 25, 20, 15 % for WAS 

with a sludge age of 5, 10, 20, 30 days respectively (Barber, 2014). This would imply that avoiding 

extended aeration have more beneficial aspects apart from lowering the energy consumption in 

connection with the EffiSludge concept. 

Table 2. Values from previous research presenting the specific methane yield from experiments including WAS, 
applied from Meyer and Edwards (2014). Only samples without pre-treatment are included. The biodegradability 
index was estimated based on a maximum theoretical potential assumed of 388 mL CH4/g VS. ww= wastewater, 
TS= Total solids, VS = Volatile solids, (B)CTMP = (Bleached) chemithermo mechanical pulp, TMP = 
Thermomechanical pulp 

Type of WAS  COD, WAS  
(g COD/L 
ww) 

TS % VS % mL CH4 /g VS,  
(mL CH4 /g COD)* 

Biodegrad-
ability 
index 

Reference 

Kraft 13-100  1.6-11 0.9-11 123 0.32 Puhakka et. Al 
(1992) 

Kraft 27  1.8 1.4 30* n/a Wood et. Al 
(2010) 

MP 47  3.1 2.8 77 0.2 Elliot and 
Mahmood 
2012 

BCTMP/TMP 30 2.5 1.9 85 0.22 Park et. al 2012 

BCTMP 34-40  2.5 1.9 50* n/a Saha et. al 
(2011) 

Sulphite 12  0.9 0.7 120* n/a Wood et. Al 
(2010) 

Mix: 
Municipal + 
TMP 

45  4.4 2.6 185 0.48 Jokela et. al 
(1997) 

Mix: 
Municipal + 
TMP/CTMP 

n/a 5.1 3.5 84 0.22 Hagelquist 
(2013) 

 

2.5.3 Biogas and bio-methane as output from anaerobic digestion 

Biogas can be used as a source of energy in many different areas, substituting most applications where 

natural gas is used today (Apples, et al., 2008). Some applications for biogas is to either fuel gas 

burners or store the energy in fuel cells (Apples, et al., 2008). A part of the biogas produced can be 

used as an energy source for reactor maintenance during AD including such activities as heating and 

pumping of sludge. Worldwide the most common application for biogas is as fuel for combined heat 

and power plants (CHP) (Weiland, 2010). To upgrade biogas for use as vehicle fuel or injection into the 

grid is an energy efficient way to use the biogas. Quality regulations demands that the upgraded biogas 

has a methane content of at least 95 % (Weiland, 2010). To convert biogas to biomethane by removal 

of carbon dioxide and other contaminating substances from the biogas, the most common approach 

is to use a water scrubber or to scrub the gas with organic solvents. Other options such as washing by 

alkanol amines or different membrane techniques are also available (Weiland, 2010). In the upgrading 

process some amounts of methane is  leaked, which must be considered when regarding the carbon 

footprint from biogas upgrading (Weiland, 2010). 
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2.5.4 Additional output from anaerobic digestion 

The production of biogas is not the only area of benefit from AD. The resulting digestate from the 

process is rich in nutrients. The nutrients can either be recycled into the AST, lowering the carbon 

footprint from external nutrient production and/or if processed further turn into valuable fertilizer. 

The digestate from AD is separated into solids and liquids, usually with the use of a screw-press 

separator. Most of the phosphorus is kept in the solid phase while a large part of the nitrogen is 

separated into the liquid phase (Meyer & Edwards, 2014) (Möller & Müller, 2012). Previous values 

from experiments have shown that nitrogen can be recycled to an extent of 36-54 % and phosphorus 

between 19 and 24 % (Meyer & Edwards, 2014). 

When digested sludge is used as fertilizer it is valuable that during the anaerobic degradation a part 

of the organic nitrogen in the sludge is mineralized to NH4
+–N, which is the plant available part of 

nitrogen. Besides nitrogen and phosphorus other compounds such as potassium, calcium and organic 

carbon are also present in the digestate (Meyer & Edwards, 2014). There are numerous techniques 

available when applying digestate on the soil surface such as liquid manure spreaders or sprinkling 

machines facilitating the approach. Sprinkling machines can be used for post-digestion sludge with 

low content of dry matter (below 5 %). Solid fraction of post-digestion sludge after separation can be 

further processed. Second drying and pelletisation are often used (Koszela & Lorencowicz, 2015). 

2.6 Emissions from wastewater treatment 

When considering the carbon footprint of a WWTP the contributions can be related to the direct and 

indirect emissions including the release of GHG gases such as carbon dioxide (CO2), methane (CH4) and 

nitrous oxide (N2O) into the atmosphere (Figure 6). Direct emissions from WWT is related to 

production of gases from treatment processes such as the aerobic basin in the secondary treatment, 

methane leakage during anaerobic digestion and upgrading of biogas or onsite combustion of 

wastewater sludge. Indirect emissions can either be related to emissions from use of electricity 

produced offsite, use of fuel or materials not produced by the WWTP or offsite emissions from 

transportation of waste for disposal and combustion or landfilling of wastewater sludge at another 

location. (Ashrafi, et al., 2013) The main emission factors considered to be connected with the 

EffiSludge project are consumption of imported electrical energy, CH4-emissions from anaerobic 

digestion and off-site production of chemicals. The emission values found in literature connected with 

WWT are general and to provide actual values measurements would have to be performed. 

 

 

Figure 6. The basic input- and outputs from a wastewater treatment plant, adapted from van Lier et al (2008). 
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A large variation in electricity demand from aeration during AST can be found, presented within a 

range of 30-80 % of the total WWTP energy demand with a specific demand of electricity normally 

found between 0.5-1 kWh per m3 of wastewater treated (BREF, 2015) (Hagelqvist, 2013) (Sid, et al., 

2017) (Stoica, et al., 2009) (van Lier, et al., 2008). The variations of electricity consumption can be 

assumed to depend on several aspects such as the setup of the treatment, the efficiency of the 

involved apparatus and the levels of pollution in the wastewater. 

2.6.1 The environmental impact from off-site produced electricity 

There are two approaches to choose between when evaluating the environmental impact from offsite 

produced electricity contributing to the carbon footprint. The two different approaches are based on 

the medium electricity (in our case the Nordic electricity mix) or the marginal electricity. There is a 

large variation that must be taken into consideration when evaluating carbon footprint using emission 

factors from electricity. The emission factors from either category can vary between years and even 

differ between months. 

Medium electricity 
When using emission factors from the medium electricity mix the emissions are based on the actual 

electricity used by the system. The medium electricity provide an accurate level of emission based on 

the current situation and is useful to provide information about the specific emissions for example for 

the production of a product or emissions from a company. In our case the medium mix can be based 

on either the Swedish electricity mix or the Nordic electricity mix. The Swedish electricity mix was 

previously common to use, but it has been argued that the Nordic electricity mix, including import and 

export of electricity from surrounding countries, provides a more accurate estimation (IVL, Svenska 

miljöinstitutet, 2009). Emission factors found for the Nordic mix ranges between 0.06-0.1 kg CO2/kWh. 

Marginal electricity 
The marginal electricity on the other hand evaluates the climate effect based on emissions from the 

most expensive type of fuel there is. This is the electricity consumption that will be reduced first if less 

electricity is needed, namely the marginal part. The marginal electricity is often based on coal or 

natural gas (IVL, Svenska miljöinstitutet, 2009). The emissions from marginal electricity can vary, but 

a general assumption is that if the electricity consumption is high the energy source is coal, if the 

consumption is low the source is less CO2 intensive. It is common to use marginal electricity when 

evaluating the effect from variations in electricity consumption, for example when comparing 

between scenarios with different electricity consumption. It should however be reflected upon that 

the actual CO2-emission will be overrepresented when using emission factors from marginal electricity 

(IVL, Svenska miljöinstitutet, 2009). Emission factors for the marginal electricity varies even more, with 

values found in the range between 0.45-1.1 kg CO2/kWh. (Elforsk, 2017) (Ecoinvent, 2017) The large 

variation in emission from marginal electricity is expected as various sources of energy are used to 

produce the electricity, such as coal, natural gas or even electricity generated by waterpower. This 

gives the input from the factor a large margin of error. 
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2.7 Aim and objectives 

The aim for this master thesis is to evaluate the potential benefits on carbon emissions from the PPI 

when considering innovative WWT techniques integrated with onsite biogas production from 

wastewater effluents and residues. By gathering information about the PPI in Sweden, Finland and 

Norway and their WWT-practice a generalized version of the wastewater characteristics and energy 

demand should be established for a hypothetical mill. From this, the impacts of the EffiSludge concept 

will be considered and elaborated. All main research questions that this thesis is based upon relate to 

the evaluation of the carbon footprint from PPM WWT, those are: 

1. What is the current carbon footprint from a wastewater treatment plant using activated sludge as 

a biological treatment step, processing effluents from a pulp- and paper mill (only including 

process steps possibly affected by the EffiSludge concept)? 

2. How does the EffiSludge concept impact the carbon footprint of such a wastewater treatment 

plant? 

3. What effects on the carbon footprint can be expected if the EffiSludge concept is extensively 

applied to the Nordic PPMs? 
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3. Material and Methods 

3.1 Experimental approach 

A baseline scenario and two case scenarios were defined to calculate carbon footprints answering the 

research questions included in the project. Although hypothetical, the baseline scenarios were based 

on real case studies and conditions of operation (Figure 9). Information, data and values included in 

the scenarios were obtained through three main sources presented below and illustrated in Figure 7. 

(1) Responses from a survey sent to Nordic PPMs 

(2) Laboratory experiments 

(3) Values collected through literature study 

The survey aimed to obtain updated information on common WWT practise at various PPMs within 

the Nordic countries of Sweden, Finland and Norway. In particular, the survey focused on treatment 

layout and process values to compare with those reported in relevant literature. Laboratory 

experiments was performed to strengthen theories concerning suitability of WAS as substrate for AD. 

The carbon footprint calculations included values from the biomethane potential (BMP) analysis in the 

laboratory experiments. All other information not obtained from the survey or linked to lab work 

activities such as production rates, carbon emission factors, energy demand, theoretical biomethane 

yield and sludge yield based on COD were obtained from available literature such as books, academical 

articles and reports and company webpages. Two case scenarios, both modified from the baseline 

scenario was constructed (Figure 10 and Figure 11). The difference in the case scenarios was based on 

different methods to dispose sludge, by incineration or as fertilizer. 

 

Figure 7. The experimental approach used to answer the research questions formulated in the project 
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3.2 The survey 

A survey was sent to 39 PPMs using both mechanical and/or chemical methods for pulping, or in some 

cases only producing paper or board: 18 in Sweden, 17 in Finland and 4 in Norway. The questions were 

divided in two sections. The first section focused on process layout and process parameters. Each mill 

was asked to provide the following information before and after primary sedimentation; Flow rate, 

Total suspended solids (TSS), Chemical oxygen demand (COD), soluble Chemical oxygen demand 

(sCOD) and Nitrogen/Phosphorus (N/P) dosing. Flow rate values were implemented in carbon 

footprint calculations concerning electricity demand for aeration during the activated sludge 

treatment (AST) and mass balance calculations estimating the amount of produced sludge to dispose 

of (examples found in Table 9, Table 10, Appendix G: Calculation of emissions connected with 

anaerobic digestion and Appendix H: Reductions of carbon footprint from implementation of WWT 

with EffiSludge condition in Nordic pulp production). The organic content, quantified as TSS, COD and 

sCOD, was initially supposed to approach the calculations concerning aeration during the AST and 

sludge production, but due to time limitations a general TS value of WAS had to be used. As a primary 

approach nutrient dosing was meant to be included in calculations connected with production of 

chemicals needed as nutrients in the AST, also here due to the timeframe values provided from one 

example mill was used as a general value. The second part of questions in the survey addressed the 

biological treatment at the WWTPs with information provided regarding; hydraulic retention time 

(HRT), sludge age, type of biological treatment implemented and disposal of WAS. (The survey is 

included in full in Appendix A: Questions and responses to the survey). The sludge age and HRT were 

requested to provide a basis for possible effects on the sludge characteristics and the BMP connected 

to laboratory results. The questions directed towards biological treatment and sludge disposal was 

included to investigate what methods that could to be regarded as the common approach and if those 

was consistent with the general opinion in literature. 

3.3 Materials for the laboratory experiment 

Fresh samples of waste activated sludge (WAS) were collected at nine different mills. Mills using 

mechanical pulping (TMP, CTMP and BCTMP), chemical pulping (Kraft/NSSC) and recovered fibres (RC) 

contributed with samples evaluated by batch experiments. The samples named A1–A3 where 

obtained from TMP mills; sample B1 and B2 from Kraft mills; B3 from a combined Kraft/NSSC mill; C1 

from a CTMP mill; C2 from a BCTMP mill and D1 from a RC mill (Table 3). Samples of raw, untreated 

WAS were collected after the secondary sedimentation. Two mills included samples from two 

different treatment systems, both containing waste activated sludge. A total of eleven different 

samples were included in the experiment. The precise location for sample withdrawment was 

unknown and might have varied between each mill but. The sample was however assumed to be 

withdrawn either from an access point in the pipes pumping the returned activated sludge (RAS) or 

WAS, or at the bottom of the secondary settler (Figure 8). Characterisation for total solid content (as 

% TS), organic content (as % VS of TS) and initiation of a biomethane potential test (BMP) was 

performed within 10 days from sampling of the WAS according to the methods of TS- and VS analysis 

and BMP test described below. After arriving to the laboratory the samples were stored in a 

refrigerator at + 4 °C before performing the experiment. 
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Figure 8. A visual representation of a standard wastewater treatment plant, highlighting the sample point of 
the collected sludge samples with a green dot. 

3.2.1 Analytical work 

Total solids (TS) and volatile solids (VS) as % of TS contents were determined from the samples in 

agreement with the Swedish standard method (SS-028113). Briefly, first the samples were weight 

before and after drying at 105 °C for 20 h to obtain the TS, as presented in equation (2). Then the 

samples were burned at 550 °C for 2 hours to obtain the VS, presented in equation (3). 

𝑇𝑆(%) =  
𝑤𝑒𝑖𝑔ℎ𝑡 (𝑑𝑟𝑖𝑒𝑑 𝑎𝑡 105 °𝐶)

𝑤𝑒𝑖𝑔ℎ𝑡 (𝑤𝑒𝑡)
× 100 (2) 

 

𝑉𝑆(% 𝑜𝑓 𝑇𝑆) =  
𝑤𝑒𝑖𝑔ℎ𝑡 (𝑑𝑟𝑖𝑒𝑑 𝑎𝑡 105 °𝐶) − 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑒𝑑 𝑎𝑡 550°𝐶)

𝑤𝑒𝑖𝑔ℎ𝑡 (𝑑𝑟𝑖𝑒𝑑 𝑎𝑡 105 °𝐶)
× 100 (3) 

 

3.3 BMP 

Biomethane potential (BMP) test was performed with a method adapted from Karlsson et al. (2011) 

and M Larsson (2015). 330 mL serum bottles were utilized with a final volume in each bottle of 100 

mL. First, waste activated sludge (WAS) from the collected samples was added, with the organic load 

in g VS-1 for each sample as presented in Table 3. As the samples were diluted, the amount of organic 

matter added to each bottle was as high as possible to achieve the most reliable results. An upper 

limit of 4 g VS L-1 was however set to avoid a to large variation of organic matter between the samples. 

Secondly, 20 mL of inoculum, as a mix of fresh digested sludge (75 % in volume) collected from a local 

mesophilic AD plant (Linköping, Sweden) processing municipal wastewater sludge (primary + WAS) 

and digestate from lab scale ongoing reactor (25 % in volume) (operated by Scandinavian Biogas 

(Linköping, Sweden)), was added. The lab scale reactor was processing wastewater sludges from PPI 

together with lignocellulosic biomass. As a third step 2 mL of saline solution (containing NH4Cl, NaCl, 

CaCl2∙2H2O and MgCl2∙6H2O) was added. Each bottle was finally filled with water (Millipore®; boiled 

for 20 minutes) to a final volume of 100 mL while flushing with N2. The serum bottles where then 

sealed with rubber stoppers and aluminium screw caps. Thereafter 0.3 mL of Na2S∙3H2O (100 mM) 

was added with syringe. Each sample was prepared as a triplicate. The controls included three 
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reference samples also prepared as triplicates. The first incubated control contained known 

concentration of methane to evaluate the instruments involved with measuring methane 

concentration, the second contained inoculum with no addition of substrate and the third control was 

added as a positive control, containing 2.5 g cellulose (Whatman filter paper No 3) as substrate. All 

test was performed as triplicates and the bottles were incubated in the dark at 37 °C for 56 days. 

During the incubation, the biogas production and the methane content were measured manually on 

day 1, 4, 7, 14, 21, 28, 42 and day 56. The biogas production was measured prior to the methane 

analysis with a Testo 312-3 digital pressure gauge (Testo, USA). The analysis of methane content was 

made using a Gas Chromatography Flame Ionization detector (GC-FID), HP5880A (Hewlett Packard, 

USA) series gas chromatograph equipped with poraplot T colon with N2 as carrier gas (130 mL min-1). 

The injector temperature was 150 °C and the detector temperature 250 °C. The detector gases were 

H2 (30 mL min-1) and air (250 mL min-1). The injected samples used for each run were 0.3 mL of the 

diluted gas. The methane content in each bottle was calculated in Microsoft Excel, using a calibration 

curve drawn with values from the known standards. All data was reported as an average of the 

triplicates, normalised at standard temperature 0 °C and 1 atmospheric pressure, with volumes 

presented as normalized mL (NmL). In total, 42 bottles were included in the BMP experiment that 

lasted 56 days. 

Table 3. A summary of the mills included in the laboratory experiments, presenting the number of samples 
included from each mill. Some of the mills also provided information to the survey. 

 

3.3.1 Kinetic analysis 

A kinetic analysis of the degradation rate from the BMP experiment was performed using the first 

order kinetic model, presented in equation (4). 

 

𝐵(𝑡) =  𝐵0 × (1 − 𝑒−𝑘𝑡) (4) 

 

where B(t) is the cumulative biomethane yield (NmL CH4 g VS-1), t is digestion time (days), B0 is the 

total biomethane potential (NmL CH4 g VS-1) of the substrate, and k is the first order decay constant 

(days-1) (Yan, et al., 2017). 

3.4 Scenarios and carbon footprint calculations 

The scenarios considered in this work are based on conventional industrial WWTP treating effluents 

from PPMs. The treatment capacity is fixed to 20 000 m3 wastewater per day. The treatment counts 

on a primary sedimentation followed by an activated sludge treatment (aerobic basin and secondary 

Mill Type of mill Number of samples  Organic load added in batch (g 
VS L-1) 

Mill included in survey? 
(Y/N) 

Mill A1 TMP 1 3.91 N 

Mill A2 TMP 2 4 / 4.1 Y 

Mill A3 TMP 1 4 Y 

Mill B1 Kraft 1 2.76 N 

Mill B2 Kraft 1 3.97 Y 

Mill B3 Kraft/NSSC 1 4 N 

Mill C1 CTMP 1 3.96 N 

Mill C2 BCTMP 2 2.44/ 3.01 Y 

Mill D1 RC 1 2.49  Y 
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sedimentation). As input into the system there is wastewater, energy required to operate the system 

and external nutrients added to support the AST. The final outputs are the final effluent (treated 

water), primary sludge, secondary sludge (WAS) and chemical sludge. The boundaries for the 

evaluation of carbon footprint are fixed around the AST including disposal of WAS. Therefore, it is 

assumed that all factors/systems outside the boundary are constant and thereby excluded from the 

carbon footprint evaluation. 

In the baseline scenario (Figure 9) the AST is operated under extended aeration conditions, with 

extended aeration more specific involving an increased hydraulic retention time (HRT) assumed to be 

between 18-36 hours and a prolonged sludge age between 20-30 days. This provides the microbes 

with air during a prolonged time period if compared with conventional treatment. WAS is expected to 

be disposed via onsite incineration. On the contrary, in the case scenario (Figure 10 and Figure 11) the 

AST is operated under EffiSludge conditions (as mentioned in 2.3.2 Secondary treatment) with a HRT 

assumed to be between 4-8 hours and the sludge age between 5-15 days (Mahmood & Elliott, 2006). 

The WAS is instead processed via anaerobic digestion (AD) for biogas production. The biogas is partly 

assumed to be used to provide energy needed during AD and also to be upgraded to biomethane, with 

the aim for biomethane to substitute fossil vehicle fuel. The digested sludge is expected to either be 

disposed via onsite incineration (Case scenario 1, Figure 10) or used by local farmers as a substitute 

for mineral fertilizers (Case scenario 2, Figure 11). In the case scenarios nitrogen and phosphorus are 

recycled from the digested sludge back into the AST reducing the needed input from externally 

produced nutrients required in the baseline scenario. 

The carbon footprint from the all three scenarios, are presented in terms of kg CO2-eq/tonne pulp and 

kg CO2-eq/m3 wastewater. The comparison between the scenarios provides an estimate for the 

potential environmental benefit if EffiSludge-conditions will be implemented. 

 

Figure 9. Baseline scenario, accounting for energy demand for the AST, external nutrients addition in the AST and 
sludge disposal via incineration. In the scenarios current operations with extended aeration implemented is 
assumed. The red dotted line represents the boundary for carbon footprint evaluation. PPM = Pulp and paper 
mill 
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Figure 10. Case scenario 1 considering AST under EffiSludge condition including nutrient recirculation, anaerobic 
digestion and use of digested sludge for incineration. The red dotted line represents the boundary for carbon 
footprint evaluation. 

 

 

Figure 11. Case scenario 2 considering AST under EffiSludge condition including nutrient recirculation, anaerobic 
digestion and use of digested sludge as fertilizer. The red dotted line represents the boundary for carbon footprint 
evaluation. 
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3.4.1 Assumptions included in the scenarios 

Energy demand for aeration in AST 
The electricity demand for the biological treatment is approximated as 60 % of the WWTPs total 

electricity demand, with values found in literature in the range of 50-80 % (Hagelqvist, 2013) (Stoica, 

et al., 2009) An example mill treating 20 000 m3/wastewater/day reported a yearly electricity demand 

at the WWTP as 720 MWh/month. Based on input from the example mill the amount of electricity 

needed for aeration in the AST in the baseline scenario was assumed as 0.71 kWh/m3 of wastewater 

treated, a value found within a range of electricity requirements presented in literature (BREF, 2015) 

(Sid, et al., 2017) (van Lier, et al., 2008). An electricity demand of 0.36 kWh/m3 wastewater was 

assumed in the case scenarios, as the reduced amount of electricity had been approximated as 50 % 

of the current need. This would implicate a reduction of treatment time during AST resulting in both 

a lowered aeration demand and decreased sludge age of an individual sludge particle. 

Nutrient requirements in AST 
The impact on the carbon footprint from nutrient requirements was calculated with values collected 

from an example mill (ÅF, 2017). In that mill 750 kg N/d was added as Urea and 120 kg P/d was added 

as phosphoric acid. When calculating the specific dose of nutrients needed for each m3 of wastewater 

treated in the example mill it was taken into consideration that Urea consist of 46 % N and that 

phosphoric acid consist of 23.7 % P (Yara, 2018). In the case scenarios 1 and 2 the added amount of 

external nitrogen was reduced to zero and the external phosphorous is reduced by 50 %. The 

reduction is based on presence of recycled nutrients from anaerobic digestion as part of the EffiSludge 

process (ÅF, 2017). 

Table 4. The specific dose of nitrogen and phosphorous needed in the baseline scenario and the case scenarios, 
based on nutrient dosing of Urea and Phosphoric acid. 

 
Nutrient 
dose 
(kg nutrient/
day) 

Amount of 
N/P 
in nutrient 
(%) 

Addition of 
chemicals 
(kg chemical/day) 

Specific dose:  
Baseline scenario 
(kg chemical/m3 

wastewater) 

Specific dose:  
Case scenarios 
(kg chemical/m3 
wastewater) 

Nitrogen (N) 750 kg 
Urea/day 

46 %  
N in Urea 

345 kg N/day 0.02 kg N/m3 
wastewater 

- 

Phosphorous 
(P) 

120 kg 
phosphoric 
acid/day 

23.7 % P in 
phosphoric 
acid 

28 kg P/day 0.0014 kg P/m3 
wastewater 

0.0007 kg P/m3 
wastewater 

 

Sludge disposal - Assumptions for mass balance calculations 
When estimating the volume of sludge that would need to be disposed of in the baseline and case 

scenarios a mass balance calculation of the wastewater flow and solids (as % TS) was performed (with 

the massbalance presented in Table 9 and Table 10 and further visualised in Figure 15 and Figure 16). 

The model was constructed based on assumptions relevant to each process step. Based on the sludge 

yield 0.2 kgSS/kgCODreduced from extended aeration compared to 0.4 kgSS/kgCODreduced which is the 

sludge yield when assuming EffiSludge conditions, the TS of the WAS in the case scenarios was doubled 

compared to the baseline scenarios. (ÅF, 2017) (Mahmood & Elliott, 2006) (van Lier, et al., 2008) 

(Henze, et al., 2002) 

To apply EffiSludge conditions in the case scenarios the HRT and sludge age was assumed to decrease 

by 50 %. The volume of influent wastewater did however remain the same in the baseline and case 

scenarios, the volume of the aerated basin performing the AST was instead assumed as smaller in the 

case scenarios. The volume of the basin is not included in the calculations but can be regarded as 
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appropriate for the volumes of wastewater being treated. After thickening of WAS the TS was assumed 

as 3 % in the baseline scenario and 6 % in the case scenarios, based on thickening by dissolved air 

flotation (DAF). 

Sludge disposal; WAS disposed trough incineration 
The model assumption of the volume of WAS that needed disposal in the baseline scenario was based 

on the total solids in the sludge cake after dewatering of WAS (with volumes described in Results and 

Discussion, Table 9). The TS in the WAS sludge cake was approximated as 12 %, based on dewatering 

properties from a belt filter press (Centrisys Corporation, 2108). The impact on carbon emissions from 

disposal trough landfilling of the remains after incineration in form of ash has not been considered as 

the volumes are assumed to be very low. 

Anaerobic digestion and bio-methane production 
To secure efficient AD performances and degradation of WAS, co-digestion with food waste was 

assumed in the scenarios. The substrate feeding the reactor was assumed to be a mix of 60 % WAS 

and 40 % food waste. WAS characteristics was estimated with TS = 6 % and VS (as % of TS) = 63 %. 

Food waste was estimated with TS = 17 % and VS (as % of TS) = 91 % (Zhang, et al., 2007). The total TS 

in the influent stream to the digester was approximated with TS = 10.4 % and VS = 74.2 % (Calculations 

presented in Appendix E: WAS characteristics in mass balance calculations) 

26 % of the VS from WAS and 81 % of the VS from food waste was assumed to be reduced trough 

production of biogas during anaerobic digestion based on laboratory results and literature. (Zhang, et 

al., 2007) A total VS reduction based on the VS from WAS and food waste was assumed as 48 % 

(Calculations presented in Appendix E: WAS characteristics in mass balance calculations). The methane 

yield from WAS was approximated as 50 % based on a medium methane yield measured during the 

lab experiments, the methane yield from food waste was approximated as 73 % (Oliveira & Doelle, 

2015). Based on the two values 60 % of the biogas produced during AD was assumed to be methane. 

(Calculations presented in Appendix E: WAS characteristics in mass balance calculations) 

The approximated biomethane potential (BMP) from WAS considered equal to 100 Nml CH4/g VS, 

based on results from lab experiment during day 42. Even though the amount of produced methane 

from WAS most likely will not reach the BMP result from laboratory experiment, as an upscaled 

industrial process does not have the same beneficial environment as the batch experiment, the BMP 

will however most likely increase due to co-digestion with food waste. Based on that reasoning the 

assumed biogas production in the case scenarios remains at 100 % of the approximated BMP. The 

amount of energy needed for biogas upgrading was estimated as 0.3 kWh/m3 raw biogas (Feiz & 

Ammenberg, 2017). The amount of raw biogas produced has been estimated as 0.29 Nm3 biogas/ 

tonne pulp, including loss of biogas from production heat and electricity and leakage. It has been 

assumed that 3.6 % of the produced biogas was used for electricity and 7.9 % for heat (Feiz & 

Ammenberg, 2017). To estimate the carbon emission from biogas leakage following assumptions were 

made; 0.15 % leakage of biogas from anaerobic digestion and 1 % from upgrading of biogas (Feiz & 

Ammenberg, 2017). The upgraded biogas was assumed to be used as a substitute for natural gas as 

fuelling buses operating close to the mill. (Calculations presented in: Appendix G: Calculation of 

emissions connected with anaerobic digestion) 

Sludge disposal; digested sludge disposed trough incineration 
The TS of the digested sludge was estimated as 20 % assuming dewatering being performed with a 

belt filter press (Centrisys Corporation, 2108). Due to improved dewatering properties the 

anaerobically digested sludge had a higher TS value than the dewatered WAS (with volumes described 
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in Results and Discussion, Table 10). The carbon emissions from landfilling the remaining ash after 

incineration is not considered from digested sludge either.  

Sludge disposal; digested sludge disposed as fertilizer 
To evaluate the possible impact on the carbon footprint if nutrients in the sludge cake could substitute 

mineral fertilizers the carbon footprint from production of Urea and phosphoric acid was included. 

The amount of nitrogen in Urea produced as mineral fertilizer was assumed as 46 % (Yara, 2018). The 

amount of nitrogen in the sludge cake was estimated as 2.6 % (based on the range 2.2-3 %) of TS. 60 % 

of the nitrogen was considered as structured in the plant available form of NH4
+-N (ranging 40-80 %) 

(Möller & Müller, 2012). The amount of phosphorus available in dewatered digested sludge as a 

substitute for mineral fertilizers was estimated with 1.9 % of the digested sludge TS (Möller & Müller, 

2012). To compare the amount of phosphorous in the sludge cake with the amount of P in phosphoric 

acid was estimated as 23.7 % (Yara, 2018). 

Based on the volumes of digested sludge from the mass balance calculations, the amount of nitrogen 

in Urea and phosphorous in phosphoric acid that could be substituted with nitrogen and phosphorous 

from digested sludge was estimated, and from this the reduced impact on the carbon footprint was 

evaluated. 

3.4.2 Emission factors for activities included in the scenarios 

The emission factors used to estimate the impact on the carbon footprint is presented in Table 5 

below. The use of electricity was used for carbon footprint calculation from aeration in the AST and 

from upgrading of biogas. The production of chemicals had an impact on the carbon footprint through 

a reduced need of N and P in the AST in the case scenarios. The carbon footprint from incineration of 

sludge depended on emissions from the final amount of sludge produced. For digested sludge from 

AD used as substitute for mineral fertilizer, the reduced carbon footprint from production of mineral 

fertilizes were considered. 

Table 5. Emissions factors used when calculating the carbon footprint. GWP = Global warming potential. 

 GWP Reference 

Electricity (kg CO2-eq/kWh)   

  Nordic mix 0.06 (Ecoinvent, 2017) 

  Marginal electricity - Coal 0.74 (Ecoinvent, 2017) 

  Marginal electricity – Natural gas 1.08 (Ecoinvent, 2017) 

Production of chemicals (kg CO2-e/kg chemical)   

  Nitrogen 6.42 (Ecoinvent, 2017) 

  Phosphorous 1.47 (Ecoinvent, 2017) 

Sludge disposal (kg CO2-eq/kg sludge disposed)   

  Incineration, digested sludge without AD 0.012 Ecoinvent 2010, allocated from 
CCaLC manual (CCaLC, 2014) 

  Incineration, digested sludge with AD 0.008 Ecoinvent 2010, allocated from 
CCaLC manual (CCaLC, 2014) 

Sludge disposal (kg CO2-eq/kg fertiliser)   

  Fertiliser substitute - Urea 1.11 (Wood & Cowie, 2004) 

  Fertiliser substitute – Phosphoric acid 0.22 (Wood & Cowie, 2004) 

Natural gas fuelling buses (kg CO2-eq/MJ) 0.057 (Energimyndigheten, 2017 ) 

Biomethane fuelling buses (kg CO2-eq/MJ) 0.056 (Energimyndigheten, 2017 ) 
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4. Result and discussion 

4.1 The survey  

The survey was performed to strengthen information from available literature regarding common 

practice at PPM WWT and to provide a basis for carbon footprint calculations. Out of 39 PPMs 

contacted, only 14 replied to the survey: four TMP mills, named A2–A5 (with mill A5 providing a 

combination of TMP and groundwood (GW) pulp), six Kraft mills, named B2 and B4-B7 (with mill B6 

providing a combination of Kraft and CTMP pulp), one BCTMP mill, named C2, one RC mill, named D1, 

one Sulphite mill, named E1 and one mill producing board, named F1 (Table 6). The complete list of 

answers to the survey is presented in Appendix A: Questions and responses to the survey. 

Overall, the survey confirmed that the activated sludge treatment (AST) was the most common 

biological treatment with 72 % of the mills responding to the survey applying that method. When AST 

was not available, the biological treatment was replaced by alternative technical solutions. This was 

either an aerated ponds (AP) or aerated lagoon (AL), with mill A2 using only the AP as treatment and 

mill A4 performing a biological pre-step involving microcarriers as pre-treatment before and AL, or by 

“moving bed biofilm reactors” (MBBR) as was the case for mill B5. The wastewater flow rate reported 

in the survey showed a volume of produced wastewater between 9-57 m3/tonne p&p, comparable 

with best practice values ranging between 4-80 m3/tonne p&p (BREF, 2015). The specific flow rate, 

presented as m3 wastewater/tonne p&p, was generally lower from the CTMP, TMP and RC mills when 

compared with the Kraft mills, also in line with values reported in the literature (BREF, 2015). 

In terms of operational conditions applied at the activated sludge systems, only a small part of the 

mills (mill B3 and mill G1) used a complete extended aeration in their biological treatment, meaning 

that the mills did not reduce the amount of biological sludge or WAS produced by increasing the 

hydraulic retention time (HRT) and/or the sludge age to the extent that was expected. However, 

several of the mills reported a HRT in the extended aeration range of 18 - 36 hours but with the sludge 

age outside the range for extended aeration of 20-30 days (Mahmood & Elliott, 2006), with values for 

HRT and sludge age presented in Table 6. More than 60 % of the mills stated that primary sludge was 

treated together with WAS or other forms of biological sludge (BS). The responses also confirmed that 

incineration is the currently the most common method for disposal of PPM sludge in the Nordic 

countries, with 10 of the 14 mills using incineration as sole means for sludge disposal. 

Table 6. Responses from survey addressing sludge conditions such as HRT, sludge age, type of biological 
treatment, handling and sludge disposal. n/a = not available, PS = Primary sludge, BS = Biological sludge 
(accumulated during other forms of biological treatment than AST), WAS =Waste activated sludge, accumulated 
by AST, L = Landfill, I = Incineration. 

 Type of mill HRT (h) Sludge age (d) Biological 
treatment 

Sludge handling Sludge 
disposal 

Mill A2 TMP 35 12 AP PS+BS L 

Mill A3 TMP n/a 14 AST PS+WAS I 

Mill A4 TMP 12 (120) 12-17 Biostep + AL PS, BS separate I 

Mill A5 TMP/GW n/a 7-12 AST PS + WAS L 

Mill B2 Kraft 30 15 AST PS + WAS I 

Mill B3 Kraft/NSSC 35 30 n/a n/a I+L 

Mill B4 Kraft 125 n/a n/a n/a I 

Mill B5 Kraft 5.5 n/a MBBR PS, BS separate I 

Mill B6 Kraft/NSSC 10 8-10 AST PS, WAS separate I 



 

37 

Mill B7 Kraft/CTMP 20 8-12  AST PS, WAS separate I 

Mill C2 BCTMP n/a n/a AST PS + WAS I 

Mill D1 RC 20 7 UASB+AST n/a L 

Mill G1 Sulphite 40 20 AST PS + WAS I 

Mill F1 Board n/a 13 AST PS + WAS I 

 

4.1.1 Wastewater characteristics and theoretical methane content 

The primary sedimentation (S1) removes roughly 80 % of the TSS, but only 50 % of the COD based on 

the survey responses. The COD content presented in the survey was slightly lower when compared 

with previous values presented in literature from the same types of mills (TMP, CTMP, BCTMP, Kraft, 

RC) with values in the survey ranging between 0.3-6.3 g COD/L wastewater compared with 0.6-15 g 

COD/L wastewater from literature as presented in Table 1 (Meyer & Edwards, 2014). The COD levels 

after treatment by S1 is comparable to domestic medium and high strength types of wastewater, 

indicating further need of biological treatment (FAO, 1992). 

To draw conclusions about the methane (CH4) potential from wastewater originating from PPMs the 

survey addressed process parameters connected with the wastewater treatment plan in place and the 

characteristics of the wastewater effluents. The organic content in form of total COD and soluble COD 

(sCOD) in the wastewater was requested. The theoretical yield of 0.35 m3 CH4 kg COD-1 for organic 

matter (Li & Khanal, 2017) and the sCOD after primary sedimentation (S1) was used to estimate the 

theoretical CH4 potential from the wastewater which was estimated within the range of 0.08-1.97 m3 

CH4 m-3 wastewater. 

The theoretical CH4 potential from WAS produced in the AST was estimated within the range of  

0.01-0.18 m3 CH4 m-3 wastewater when applying extended aeration and 0.02-0.44 m3 CH4 m-3 

wastewater when applying EffiSludge conditions. Estimations was performed with the possible 

amount of COD that could be reduced during biological treatment. COD reduction in the AST was 

assumed as a reduction of COD with 90 %, with initial COD values in AST based on sCOD after S1 

(Thompson, et al., 2001). 0.2 kg soluble solids (SS) were assumed to be produced per kg sCODreduced 

when applying extended aeration and 0.4 kg SS were assumed to be produced per kg sCODreduced when 

applying EffiSludge conditions (van Lier, et al., 2008) (ÅF, 2017). 30 % of the SS was assumed to consist 

of inorganic solids, not degraded by anaerobic digestion and 70 % of the SS was assumed to consist of 

organic solids. The VS reduction from the organic fraction of the SS was approximated as 30 % 

(Gerardi, 2003). The previously calculated biomethane potential of 388 L CH4/kg VS was used to 

estimate the methane potential from the available organic matter. An example of calculations 

completing Table 7 is presented in Appendix D: Calculations for theoretical BMP from raw wastewater 

and WAS. 
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Table 7. Estimations of theoretical maximum CH4 potential together with specific flow rates. Theoretical CH4 estimations from both the total organic matter in the wastewater 
after first sedimentation, the theoretical CH4 potential from primary anaerobic treatment of the wastewater after the theoretical CH4 potential from WAS with or without the 
EffiSludge concept applied. p&p = pulp and paper 

 
 

Type of 
mill 

Flow rate 
(m3/d) 

Specific 
flow rate 
(m3/ 
tonne 
p&p) 

Soluble COD 
(before primary 
sedimentation)  
(gCOD/L 
wastewater) 

Soluble COD 
(after primary 
sedimentation, 
influent to AST) 
(g sCOD/L 
wastewater) 

Complete CH4 
theoretical 
potential from 
wastewater 
(m3 CH4/ m3 

wastewater) 

CH4 potential from WAS 
production, without 
EffiSludge 
(~0.2 kg organic 
matter/kgCODreduced) 
(m3 CH4/ m3 wastewater)  

CH4 potential from WAS 
production, with 
EffiSludge 
(~0.4 kg organic 
matter/kgCODreduced)  
(m3 CH4/ m3 wastewater) 

Mill A2 TMP 23 000 16 n/a 3.59a 1.26 0.16 0.32 

Mill A3 TMP 20 000 14 2.8 2.15 0.75 0.09 0.19 

Mill A4 TMP 33 000 22 2.9 2.2 0.77 0.09 0.19 

Mill B2 Kraft 33 000 26 0.45 0.24 0.08 0.01 0.02 

Mill B4 Kraft 100 000 * 0.3 0.3 0.11 0.01 0.03 

Mill B6 Kraft/ 
NSSC 

45 000 23 0.5 0.4b 0.14 0.02 0.04 

Mill B7 Kraft/ 
CTMP 

24 000 17 1.8 1.44 b 0.50 0.06 0.13 

Mill C2 BCTMP 3500 9 6.3 5.04 b 1.76 0.18 0.44 

Mill D1 RC 4080 9 2.34 2.06 0.72 0.09 0.18 

Mill G1 Sulphite 76 000 57 1.99 1.62 1.97 0.07 0.14 

Mill F1 Board 13 000 17 0.99 0.79 b 0.28 0.03 0.07 
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4.2 Biomethane potential of WAS 

Five of the 14 mills completing the survey, mill A2, A3, B2, C2 and D1, provided samples of WAS for 

laboratory experiments on biomethane potential (BMP). Four additional mills also provided WAS 

samples, mill A1 (providing TMP), B1 (providing Kraft pulp), B3 (providing a combination of Kraft and 

NSSC pulp) and  C3 (providing CTMP). The TS in the samples ranged between 0.6-4 % (Table 8) which 

can be considered as normal values compared to literature TS values between 1-2 % (Meyer & 

Edwards, 2014). The sample with the highest TS value (from mill A3) was probably collected from the 

bottom of the secondary settler (S2) explaining the high concentration TS compared to the rest of the 

samples. The VS ranged between 40-91 % of the TS. The laboratory experiments lasted 56 days. The 

accumulated biogas and methane production between day 1 and 42 is reported in Figure 12 and Figure 

13 respectively. A summary table with cumulative methane value reported at day 7 and day 42 is 

presented in Table 8 together with TS and VS values, k-values and the estimated biodegradability 

index. The results from day 56 which was the end of the experiment are not presented due to 

uncertainties from the results during that occasion. The obstacles that was encountered during the 

experiment that might have affected the results are presented in Appendix B: Results from laboratory 

experiments. 

Overall, the amount of methane produced at the end of the trial ranged between 47-150 NmL CH4/g 

VS depending on the specific WAS (Figure 12 and Figure 13). The methane concentration in the biogas 

vary between the sampling occasions with an average value of ~ 50 % methane. The methane potential 

from Whatman filter paper, used as positive control, reached an average methane production of 345 

± 7 NmL CH4/g VS, which is within the range for acceptable value confirming the good activity of the 

inoculum used in the experiments (48 ± 2 NmL CH4 g VS-1). 

Between the tested WAS samples, those from CTMP and BCTMP mills were found to have the highest 

BMP with values ranging between 97-150 NmL CH4/g VS, followed by TMP mills, with values ranging 

between 87-125 NmL CH4/g VS, and Kraft mills, 47-79 NmL CH4/g VS. Only one value is available for a 

RC mill and that value of 111 mL CH4/g VS is similar with the TMP mill values. The values obtained here 

are comparable with those presented by (Meyer & Edwards, 2014) on WAS with BMP values ranging 

between 30-123 NmL CH4/g VS (number of incubation days unknown). However, to draw statistical 

conclusions about significant differences regarding BMP from WAS at mills with specific pulping 

methods more experiment data is needed. 

Some of the reasons behind the observed differences is however assumed to be related to the quality 

of the wastewater generating the WAS. To illustrate, (B)CTMP and TMP mills generate wastewater 

with a high density of organic matter which might help to explain the higher BMP (Larsson, 2015). 

There are two reasons found in literature explaining the high density at those mills. The first reason is 

connected to the bleaching process. Peroxide bleaching is performed when bleaching mechanically 

produced pulp. The peroxides convert hemicellulose into negatively charged carboxylate categories 

which are soluble and contribute to the organic pollution suitable for AD (Hubbe, et al., 2016). The 

second reason explaining part of the high amount of soluble organic matter present involves the heat 

and amount of energy required for TMP (Hubbe, et al., 2016). 

There are also several reasons that could explain a lower methane potential from Kraft mills 

mentioned in literature. High amount of sulphur inhibiting the anaerobic digestion can be present 

from streams in the Kraft pulping process (Larsson, 2015). The pH in Kraft wastewater streams has 

also been mentioned to need adjustment to avoid inhibition during anaerobic digestion (Larsson, 

2015). The pH of the WAS samples was not measured during the experiments to confirm this theory. 

It is recommended to perform pH measurements if the experiments are repeated to investigate the 
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effect of pH closer. Regarding bleaching of Kraft wastewaters mill B1 and B2 used elementally chlorine 

free (ECF) bleaching and mill B3 used totally chlorine free (TCF) bleaching. The biomethane potential 

from wastewaters with ECF bleaching has been mentioned to fall within a wide range with acidic ECF 

bleaching considered to produce wastewater less suitable for AD than alkaline ECF (Larsson, 2015). 

No information was available on what type of ECF was performed at mill B1 and B2, so no conclusions 

can be made from that aspect. TCF bleaching has been mentioned to have a low BMP compared to 

the beneficial alkaline ECF bleached wastewater. The wastewater from mill B3 with TCF bleaching was 

however mixed with NSSC pulping wastewater. Wastewater from NSSC pulping is considered to have 

a high BMP which might result in a higher BMP than expected from mill B3. 

Kinetic and biodegradability 
Most of the WAS samples indicates a moderate to high degradation rate, with k-values ranging 

between 0.03-0.06 (Table 8). According to IPPC (2006) k-values for slowly degradable material such as 

wood/straw ranges between 0.01-0.03, paper and textile has k-values presented between 0.03-0.05, 

material with moderate degradation rate which include organic material other than food waste ranges 

between 0.04-0.06. On the contrary, k-values for rapidly degradable material such as food waste and 

sewage sludge are usually found in the range between 0.05-0.08 (IPCC, 2006). The rapid increase of 

biogas production in the beginning of the experiment is likely to depend on the high content of easily 

degraded matter such as carbohydrates and cellulose (20-50 %), while the protein and fat content  

(25-60 %) would result in the slow but steady increase of biomethane production still visible towards 

the end. 

The biodegradation estimated from the WAS samples, based on the ratio between experimental 

biomethane potential and the theoretical maximum potential of 388 NmL CH4/g VS, was found to be 

in line with biodegradation values between 0.2-0.3 % presented in Table 2 (Meyer & Edwards, 2014) 

CTMP and BCTMP mills had the highest biodegradation with values ranging between 0.25-0.4 %, 

followed by TMP mills, with values ranging between 0.2-0.3 % and Kraft mills 0.1-0.2 %. The 

biodegradation of the RC mill, 0.3 %, was similar with the TMP mill values. A high level of 

biodegradation is found at the same mills providing a high BMP, connecting those parameters. 

Low k-values might somewhat explain low degradability. K-values and biodegradation is however not 

directly comparable as the k-value indicates the how fast material is degraded and biodegradation 

how much of the material that is degraded. If the experiment would continue a higher biodegradation 

could be expected based on the observation that the samples were all still producing a small amount 

biogas when the laboratory experiment finished. The high amount of non-degradable matter in WAS 

(as one example the WAS contains 36-50 % lignin) is however assumed as the main cause of a low 

biodegradation together with the inability of anaerobic bacteria to degrade parts of the biological 

matter that WAS consists of (Appels, et al., 2011). It would be interesting to investigate further if a 

lowered sludge age could impact the k-values/biodegradability due to a higher content of easily 

degradable matter (Weiland, 2010). It is however not possible to connect any patterns of BMPwith 

sludge age at this stage as not enough WAS samples are present in the study. 
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Table 8. The produced amount of methane produced during the laboratory experiment at day 7 and 42, together with the average methane concentration in the biogas. The 
k-value was calculated with B0 = methane concentration day 1, B = methane concentration day 42 and t = 41 days. The BMP divided by the theoretical biomethane yield was 
used to calculate the biodegradability index. *the k-value for mill B3 was not possible to calculate as the methane concentration after reduction of the inoculum  control 
sample was below zero during day 1. 

Mill Methane 
production  
(day 7) 
 (NmL CH4/g VS) 

Methane production  
(day 42)  
(NmL CH4/g VS) 

Methane production  
(day 42)  
(m3 CH4/ m3 ww) 

Average 
methane 
concentration 
 (as % of biogas) 

K-value 
(Between 
day 1 and 
42) 

Bio-
degradabi
lity index 
(%) 

TS 
WAS 
(%)  

VS 
WAS 
(as % 
of TS)  

Mill A1 (TMP) 51 ± 1 87 ± 4 0.34 50 ± 9 0.04 0.22 1 74 

Mill A2i (TMP) 58 ± 2 125 ± 2 0.50 
(Estimated from COD: 0.16-0.32) 

45 ± 9 0.06 0.32 1 72 

Mill A2ii (TMP) 50 ± 1 92 ± 3 0.37 
(Estimated from COD: 0.16-0.32) 

43 ± 9 0.05 0.24 1 71 

Mill A3 (TMP) 63 ± 1 129 ± 3 0.52 
(Estimated from COD: 0.09-0.19) 

63 ± 7 0.05 0.33 4 91 

Mill B1 (Kraft – 
ECF bleaching) 

33 ± 6 77 ± 5 0.21 37 ± 11 0.06 0.20 0.6 55 

Mill B2 (Kraft – 
ECF bleaching) 

33 ± 1 47 ± 7 0.19 
(Estimated from COD: 0.01-0.02) 

44 ± 14 0.03 0.12 0.7 69 

Mill B3 
(Kraft/NSSC – TCF 
bleaching) 

32 ± 1 79 ± 4 0.32 38 ± 11 c n/a*  0.20 0.7 79 

Mill C1 (CTMP) 119 ± 3 150 ± 2 0.59 52 ± 5 0.06 0.38 0.9 58 

Mill C2i (BCTMP) 66 ± 3 97 ± 5 0.24 
(Estimated from COD: 0.18-0.44) 

45 ± 8 0.04 0.25 0.6 47 

Mill C2ii (BCTMP) 119 ± 1 145 ± 6 0.44 
(Estimated from COD: 0.18-0.44) 

51 ± 5 0.04 0.37 0.7 54 

Mill D1 (RC) 61 ± 6 111 ± 9 0.28 
(Estimated from COD: 0.09-0.18) 

54 ± 8 0.05 0.29 0.8 40 
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Figure 12. The medium values of accumulated biogas production during 42 days from 11 samples of WAS. A = TMP mills, B = Kraft mills, C = CTMP mills, D = RC mill. All samples 
were measured as triplicates. Biogas produced by the inoculum has been subtracted based on biogas production by the inoculum control samples. 
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Figure 13 The medium values of accumulated methane production during 42 days from 11 samples of WAS. A = TMP mills, B = Kraft mills, C = CTMP mills, D = RC mill. All 
samples were measured as triplicates. The decline in methane production visible between day 7 and day 28 can be explained by operations during the experiment together 
with instruments in need of adjustment, further explained in Appendix B: Results from laboratory experiments.  
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4.3 Carbon footprint analysis 

Based on input from data collected from mill B3 together with the assumptions presented in material 

and methods and results from the experimental work on biomethane potential (BMP) the carbon 

footprint was calculated, presented in Table 11. A summary of the carbon footprint for the baseline 

and case scenarios with calculations based on assumptions, emission factors and the scenario 

described in material and methods. The carbon footprint is presented as kg CO2-eq/tonnes pulp and 

kg CO2-eq /m3 wastewater with values for kg CO2-eq/m3 wastewater in brackets. Differences in global 

warming potential  between production of electricity  has been considered when applicable, 

separating between Nordic electricity mix and marginal electricity using natural gas or coal as source 

f energy. To compare between the scenarios emissions from electricity produced by marginal 

electricity is selected the main input for results that are further discussed as those emission factors 

consider the impact on the environment if electricity is reduced in one of the scenarios. For the 

calculation, the hypothetical mill in the scenario has a pulp production of ~ 500 000 tonnes per year, 

and a wastewater flow rate of 20 000 m3  per day. The specific flow rate was approximated as 15 m3 

per tonne of pulp. Some of the processes included in the scenarios provided negative carbon 

emissions. Negative carbon emissions are reported as a consequence when a process emitting GHGs 

is substituted with a more sustainable alternative, thus “reducing” emissions.  

4.3.1 Impact of electricity demand in the carbon footprint 

When calculating the carbon footprint from offsite produced electricity, used for aeration during the 

activated sludge treatment (AST) and biogas upgrading, the Nordic electricity mix, marginal electricity 

with natural gas or coal are the sources of electricity considered. The marginal electricity is used to 

compare scenarios with different electricity consumption as the impact from the marginal electricity 

provides a good picture of the total environmental benefits that can be found when less electricity is 

used.  The impact from emissions from production of electricity in baseline scenario were 0.6, 7.6, and 

11 kg CO2-eq/tonne pulp respectively while the emissions in case scenario were 0.3, 4 and 6 kg CO2-

eq/tonne pulp respectively. As the electricity demand during the AST was the primary source of 

emissions, an evaluation of the impact from the specific energy consumption per m3 wastewater 

treated during AST was performed (Figure 14). 

The amount of energy used for aeration during the AST was estimated with information collected from 

the example mill. The electricity consumption of 0.7 kWh/m3 wastewater used in the baseline 

scenarios is marked with line C in Figure 14 and shown to be considered a medium value placed well 

within the accepted range when compared with other sources. The variation for energy consumption 

found in literature was however considered as high and the range is visualised by the red field between 

line A with an energy consumption of 0.5 kWh/m3 and line D with an energy consumption of 1 

kWh/m3. The energy consumption is assumed to be reduced by 50 % when applying the EffiSludge 

concept in the case scenarios, estimating an energy consumption of 0.36 kWh/m3 marked as line A in 

Figure 14. The reduction of 50 % of the energy consumption is based on the assumption that the 

hydraulic retention time (HRT) and sludge age is reduced by half in the case scenarios. As there were 

no literature values found regarding the actual reduction in electricity consumption that would be 

made the value could need further investigation to improve the results. 

The importance of the choice of electricity source (Nordic mix, medium electricity from natural gas 

(NG) or coal) when evaluating the impact on the carbon footprint from off-site produced electricity is 

also visualized in Figure 14, demonstrating the range of values that could be expected from electricity 

consumption. 
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Figure 14. A visualization of the resulting effect on the carbon footprint from electricity produced off-site and 
consumed during AST. The line marked with C represent the amount of carbon emission from the baseline 
scenario, Line A marks the carbon emissions from the case scenarios. Line B and D marks the emissions from the 
lowest and the highest values of energy consumption found in literature respectively. 

4.3.2 Impact of nutrients reuse in the carbon footprint 

In the Baseline scenario, the external dosing of nitrogen (N) and phosphorous (P) are responsible for 

emissions of 1.6 and 0.3 kg CO2-eq/tonne pulp respectively, with a total value of 1.7 kg CO2-eq/tonne 

pulp. In the case scenarios all the N required and 50 % of the P required was assumed to be recycled, 

reducing all the emissions from N and reducing the emissions from P to 0.15 kg CO2-eq/tonne pulp. 

4.3.3 Mass balance for WAS production and disposal and related carbon footprint 

The carbon footprint related to the disposal of WAS and digested sludge is estimated based on the 

mass balance analysis provided in Table 9 and Table 10. In the baseline scenario the mass balance 

calculations resulted in WAS amount equals to 5.7 ton of dry sludge. The flow of WAS was equal to 

570 m3/d to be further process by thickening, followed by 190 m3/d to be dewatered. This resulting in 

45 m3/d of WAS to dispose of by incineration, equalling to 5.4 ton of dry matter per day. 
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Table 9. Mass balance for the baseline scenario estimated by daily averages from one example mill. 

Baseline scenario Flow (% of influent 
ww flow to WWTP)  

TS (%) Flow (m3/day) TS (m3/day) 

PPM to S1 100 
 

20 000  

S1 to AST 95 
 

19 000  

AST to S2 187 
 

19 000  

S2 to effluent 92 
 

18 430  

RAS 92 
 

18 430  

WAS to thickener 2.9  1.5  570 8.5 

Return ww from thickener 1.9  0.8  380 2.9 

Thickened WAS to dewatering 1 3  190 5.7 

Return ww from dewatering 0.7 0.2 145 0.3 

Dewatered WAS to disposal 0.2 12  45 5.4 

 

 

 

Figure 15. A visual representation of the estimated values included when calculating the mass balance for the 
baseline scenario. 

In the case scenarios the mass balance calculations resulted in WAS amount equalling 17 ton of dry 

sludge, 50 % more than in the baseline scenario. This is due to the EffiSludge condition applied where 

the specific sludge production in the AST was assumed to increase from 0.2 kgSS/kgCODreduced during 

extended aeration to 0.4 kgSS/kgCODreduced with a low aeration when applying EffiSludge conditions. 

(van Lier, et al., 2008). The reason for the reduced accumulation of WAS during extended aeration is 

explained in section 2.3.2 Secondary treatment – the biological treatment step.  
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The flow of WAS in the case scenarios is also equal to 570 m3/d to be process for thickening, same as 

in the baseline scenario, the TS has however increased from1,5 % to 3 %. After thickening, the WAS 

(190 m3/d) is directly processed with no further dewatering, via AD. WAS is assumed to provide 60 % 

of the substrate,  with the organic loading rate (OLR) 7.2 m3 VS/day. The remaining 40 % is provided 

by food waste (cf. materials and method section for further information on food waste). A VS 

reduction equal to 80 % applied to the total biomass processed under AD (WAS+ food waste) was 

applied. To compare with the baseline scenario, the fraction of WAS processed after AD, in form of 

digested sludge, is dewatered rendering a volume of digested sludge equal to 45 m3/day available for 

incineration or to be used as fertilizer, equal to the baseline scenario. However, as the TS of the 

digested sludge is higher in the case scenarios than the baseline scenario, equalling a TS of 20 %, 8.5 

ton /day of dry matter is assumed to be available, ca. 3 ton more than in the baseline scenario. 

Table 10. Mass balance for case scenarios scenario estimated by daily averages from the same example mill used 
in the baseline mass balance, assuming a doubling of TS during the AST. WAS VS reduction was assumed as 26 %, 
food waste VS reduction was assumed as 80 %. The total TS reduction was approximated as 45 % based on the 
VS reduction. 

Case scenarios Flow (% of influent 
ww to WWTP) 

TS (%) VS (% 
of TS) 

Flow 
(m3/day) 

TS 
(m3/ 
day) 

VS 
(m3/
day) 

PPM to S1 100 
 

 20 000   

S1 to AST 95 
 

 19 000   

AST to S2 187 
 

 19 000   

S2 to effluent 92 
 

 18 430   

RAS 92 
 

 18 430   

WAS to thickener 3 3  570 17  

Return ww from thickener 1.9 1.6  380 6  

Thickened WAS (60 %) to AD 0.9 6 63 190 11 7 

Co-digested material, food 
waste (40 %) to AD 

0.6 17 91 125 21 19 

Total substrate  
influent to AD 

 
10.4 74 314 32 27 

After VS reduction during AD  
-WAS (assuming 26 % VS 
reduction) 

    9 5 

After VS reduction during AD  
- food waste (assuming 81 % 
VS reduction) 

    5.5 3.7 

Total substrate effluent from 
AD 

 
4.8  314 15 8.8 

Returned ww to WWTP from 
dewatered digested sludge  

 0.3  243 0.8  

Dewatered sludge to disposal 
 

20  75 14  

60 % of dewatered sludge to 
disposal (fraction from WAS) 

 
20  45 8.6  
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Figure 16. A visual representation of the estimated values included when calculating the mass balance for the 
case scenarios. 

In terms of carbon footprint for sludge disposal, the impact from emissions in the baseline scenario 

were 0.3 kg CO2-eq/tonne pulp for disposal of WAS trough incineration, 0.2 and -0.2 kg CO2-eq/tonne 

pulp, for disposal of digested sludge trough incineration or as fertilizer substituting mineral fertilizers 

respectively (Table 11). 

Furthermore, when utilizing digestate as fertilizer in case scenario 2 the amount of nutrients available 

was based on 60 % of the weight of the sludge cake (as 60 % of the influent substrate to the AD came 

from WAS). The cake was however assumed to contain nutrients from both WAS and food waste. Due 

to co-digestion with food waste the amount of nutrients in the cake was assumed to be similar to the 

amount of nutrients from manure, crop residue, industrial food waste and municipal waste, which is 

considered when including substitution of mineral fertilizer with digested sludge (Möller & Müller, 

2012). The transportation of the digestate was not included in the calculations. If there are no farms 

close to the WWTP emissions from transport of the fertilizer might be substantial, increasing the 

carbon footprint. As digestate is produced during the entire year and fertilizing only occurs during the 

appropriate season the digestate produced during off-season would have to be stored, which might 

have a significant effect on the nutrients and on the carbon footprint. 

4.3.4 Impact of anaerobic digestion and biogas use in the carbon footprint 

When calculating the carbon footprint from anaerobic digestion (AD) the leakage of biogas is the main 

contributor. The following upgrading of biogas to biomethane involves emissions from both leakage 

and electricity provided to water scrubber cleaning the gas. The leakage, estimated in material and 

method as 1 % of the total biogas production, creates emissions of 0.12 kg CO2-eq/tonne pulp, 

including emissions from both the AD and the scrubbing of biogas procedures. The impact from 

electricity consumption during scrubbing, considering the Nordic electricity mix, marginal electricity 

with natural gas or coal as sources of electricity, creates emissions in the case scenarios of 0.01, 0.12 

and 0.25 kg CO2-eq/tonne pulp respectively, presented in Table 11. Calculations are presented in 

Appendix G: Calculation of emissions connected with anaerobic digestion. 
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The reducing effect on the carbon footprint from substituting natural gas with upgraded biogas to fuel 

busses considered in the case scenarios was -0.4 kg CO2-eq/tonne pulp, also included in the carbon 

footprint calculations presented in Table 11. Due to time restraints natural gas was the only fuel 

considered in the evaluation, if biogas were to substitute other variants of fuel, such as gasoline or 

diesel, the carbon footprint reduction from biomethane as fuel would be even higher. Emission factors 

from two separate sources were considered when estimating the differences in emissions between 

biomethane and natural gas used in the case scenarios, and a medium value was used to approximate 

the possible reduction of the carbon footprint trough substitution. (Energimyndigheten, 2017 ) (Valli, 

et al., 2017). Calculations are presented in Appendix G: Calculation of emissions connected with 

anaerobic digestion. 

4.3.5 Overall carbon footprint and comparison between scenarios 

When investigating the carbon footprint climate impact by comparing the baseline and case scenarios 

marginal electricity is used. The carbon footprint from the baseline, case scenario 1 and 2 were 9.6, 4 

and 3.6 kg CO2-eq/tonne pulp (or 0.9, 0.4 and 0.4 kg CO2-eq/m3 wastewater), respectively if applying 

marginal electricity with natural gas as carbon source. The carbon footprint from baseline, case 

scenario 1 and case scenario 2 were 13, 5.9, and 5.5 kg CO2-eq/tonne pulp (or 0.7, 0.3 and 0.25 kg CO2-

eq/m3 wastewater), (Table 11) respectively if applying marginal electricity with coal as carbon source. 

The environmental benefits that can be expected if implementing the EffiSludge concept are a 

reduction of the carbon footprint with 50-60 % (Figure 16) with a reduction of 5.7-7.7 kg CO2-eq/tonne 

pulp. 

If only considering the mills current carbon footprint, with less regard of the total environmental 

impact from reduced electricity consumption, the emission factors from Nordic electricity mix for 

baseline case scenario 1 and case scenario 2 was estimated as 2.6, 0.3 and -0.15 kg CO2-eq/tonne pulp 

(or 0.3, 0.02 and -0.01 kg CO2-eq/m3 wastewater), respectively (Table 11). The carbon footprint for the 

case scenarios was estimated to be reduced with as much as 90-100 % (Figure 16). 

 

Figure 17. The carbon footprint together with the estimated reduction in percent from the Baseline scenario, 
Case scenario 1 and Case scenario 2 grouped by origin of electricity used in the calculations. 
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Table 11. A summary of the carbon footprint for the baseline and case scenarios with calculations based on assumptions, emission factors and the scenario described in 
material and methods. The carbon footprint is presented as kg CO2-eq/tonnes pulp and kg CO2-eq /m3 wastewater with values for kg CO2-eq/m3 wastewater in brackets. 
Differences in global warming potential  between production of electricity  has been considered when applicable, separating between Nordic electricity mix and marginal 
electricity using natural gas or coal as source f energy. 

  
B Nordic 
mix 

B  
Marginal 
NG 

B Marginal 
Coal 

C1 Nordic 
mix 

C1 Marginal 
Natural gas 

C1 
Marginal 
Coal 

C2 Nordic 
mix 

C2 
Marginal 
NG 

C2 
Marginal 
Coal 

Aeration in AST Nordic mix 0.63 
(0.04) 

  
0.32 
(0.02) 

  
0.32 
(0.02) 

  

Marginal - NG 
 

7.68 
(0.54) 

  
3.87 
(0.27) 

  
3.87 
(0.27) 

 

Marginal Coal 
  

11.28 
(0.80) 

  
5.72 
(0.40) 

  
5.72 
(0.40) 

Nutrient 
requirements 

 
1.65 
(0.11) 

1.65 
(0.11) 

1.65 
(0.11) 

0.02 
(0.001) 

0.02 
(0.001) 

0.02 
(0.001) 

0.02 
(0.001) 

0.02 
(0.001) 

0.02 
(0.001) 

WAS sludge disposal Incineration 0.29 
(0.02) 

0.29  
(0.02) 

0.29  
(0.02) 

      

Digested sludge 
disposal 

Incineration 
   

0.19 
(0.01) 

0.19  
(0.01)  

0.19  
(0.01) 

   

Fertilizer 
      

-0.24  
(-0.02) 

-0.24 
(-0.02) 

-0.24 
(-0.02) 

Methane leakage/ 
Upgrading of biogas 

Nordic mix 
   

0.13 
(0.01) 

  
0.13 
(0.01) 

  

Marginal - NG 
    

0.28 
(0.02) 

  
0.28 
(0.02) 

 

Marginal Coal 
     

0.36  
(0.03) 

  
0.36 
(0.03) 

Biomethane as fuel 
substitution 

    
-0.38  
(-0.025) 

-0.38 
(-0.025) 

-0.38 
(-0.025) 

-0.38 
(-0.025) 

-0.38 
(-0.025) 

-0.38 
(-0.025) 

Carbon footprint 
from emissions 

kg CO2-eq 
/tonne pulp 
(/m3 wastewater) 

2.57 
 
(0.18) 

9.62 
 
(0.68) 

13.22 
 
(0.93) 

0.28 
 
(0.02) 

3.98 
 
(0.28) 

5.91 
 
(0.42) 

-0.15  
 
(-0.01) 

3.55 
 
(0.25) 

5.48 
 
(0.39) 
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The factor with the highest influence on the result when considering marginal electricity of both 

natural gas and coal is aeration during the AST (Table 11), contributing with over 80 % of the input in 

the baseline scenarios and over 95 % in the case scenarios. The carbon footprint estimated with 

emission factors from the Nordic electricity mix have the highest input from productions of chemicals 

(N and P) required by the AST. However, as the source of electricity is unknown for the production the 

chemicals a large margin of error needs to be considered when evaluating the impact from those 

emissions factors and their relevance for the carbon footprint. 

The carbon footprint calculations from the scenarios were compared with the carbon footprint 

presented from an average of 5668 German municipal WWTP, also using AD (Wang, et al., 2016). The 

carbon footprint was presented as kg CO2-e/m3 wastewater in that report instead as kg CO2-e/pulp, 

and the comparison with PPM WWTP was therefore modified to be presented with the same unit. The 

German plants based their calculations on the specific energy consumption for aeration during aerobic 

treatment of 0.3 kWh/m3 wastewater in line with the specific energy consumptions used in the case 

scenarios, related to EffiSludge conditions. The German plant also used emission factors from off-site 

produced electricity of 0.7 kg CO2/kWh similar with the emission factor from NG used in the scenarios 

(Wang, et al., 2016). The calculations for the German WWTP resulted in a carbon footprint of 0.28-

0.31 kg CO2-eq/m3 wastewater, similar with 0.28 kg CO2-e/m3 wastewater from the case scenarios 

using marginal electricity from natural gas. The similar result between the calculations strengthens 

the trustworthiness in the case scenario carbon footprint calculations. 

4.3.6 Implementing EffiSludge in Nordic pulp- and paper wastewater treatment 

To further evaluate the benefits on the carbon footprint from implementing EffiSludge on a larger 

scale in Sweden, Finland and Norway, the following aspects has been considered: 

1. The total amount of pulp produced in Europe during 2013 was 37 million tonnes (CEPI, 2014a) 
2. Sweden, Finland and Norway together produced about 60 % of the pulp in Europe during 2013, 

generating 24 million tonnes of pulp (CEPI, 2014a) 
3. The maximum annual reduction of the carbon footprint from WWTP when implementing 

EffiSludge conditions is based on the carbon footprints from the baseline and case scenarios with 
input from marginal electricity from coal, NG or using the Nordic mix.  

 
The maximum reduction is 55-60, 130-140 or 170-180 million tonnes CO2-eq/year using input from 
the Nordic mix, marginal electricity from NG or coal, respectively. These emission values can be 
compared with the total annual emission of 35 Mega tonnes from the European PPI presented by CEPI 
(2014a), providing a possible reduction of the European PPI carbon emissions from EffiSludge of 
between 0.2-0.5 % based on 2013 emission values. 
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5. Conclusions 

The main conclusions from the results obtained in this study are: 

• When applying extended aeration, a theoretical methane potential from WAS produced in the 
AST was estimated from the survey in the range of 0.02-0.3 m3 CH4 m3/wastewater compared with 
0.06-0.7 m3 CH4/m3 wastewater when applying EffiSludge conditions. 
 

• The experimental methane potential of WAS, obtained by laboratory experiments, was found in 
the range of 47-150 NmLCH4/g VS, comparable with 0.2-0.6 m3 CH4/m3 wastewater. 
 

• Aeration during AST is the major contributor to the carbon footprint emissions if considering 
marginal electricity. The aeration alone is contributing with over 80 % of the GHG emissions in the 
baseline scenarios and over 95 % in the case scenarios. 
 

• The current carbon footprint when including process steps possibly affected by the EffiSludge 
concept is estimated as 9.6-13 kg CO2-eq/tonne pulp if considering marginal electricity from coal 
or natural gas or 2.6 kg CO2-eq/tonne pulp if considering the Nordic mix. 
 

• The environmental benefits that can be expected if implementing the EffiSludge concept at a 
WWTP connected to a PPM is a reduction of the carbon footprint with 50-60 %. This estimation is 
based on evaluations using marginal electricity originating from natural gas or coal and only 
include processes included in the scenarios. 
 

• A reduction of the carbon footprint of 55 to 180 million kg CO2-eq per year can be estimated if 
EffiSludge conditions would be used to treat all the wastewater connected with pulp production 
at Nordic PPMs. This would reduce the total PPI carbon emissions with 0.2-0.5 % annually. 
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6. Future work 

The most important aspect regarding how to continue this work is the current status of the EffiSludge 

project. During this work there was no actual samples of WAS connected with the EffiSludge concept 

existing as the project had not yet reached that stage. To increase knowledge regarding process 

performances, wastewater characteristics and synergetic effects from co-digestion during AD would 

be of great importance for further improvements. 

Further comment regarding the work is that the carbon footprints are to a high degree based on 

assumptions. Deeper knowledge about the input used to construct emission factors would reduce the 

margin of error and increase the reliability of the result. Regarding carbon emission factors and 

wastewater practices large variations can also be expected due to location. If this work would be 

expanded to include countries outside the boundaries of Sweden, Finland and Norway other 

assumptions might be needed than the ones used in this work. 

The mass balance model did not take COD values from wastewaters into consideration but used TS 

instead due to time limitations. A way to improve the model would be to estimate the amount of 

sludge accumulated in the AST from COD in the wastewater instead of the TS, making the model more 

specific for mills with similar amount of TS but different COD levels. 
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Appendix 

Appendix A: Questions and responses to the survey 

Wastewater treatment within the Nordic pulp- and paper mills - A survey from 

Linköping University 

Section One: Process parameters 

• Flow rate (m3/day) 
What is the daily average flow rate of wastewater entering the wastewater treatment plant. If 

possible enter in m3/day, otherwise use the unit of your choice. 

 

• Total Suspended Solids (TSS) - before first sedimentation (mg/L) 
What is the average TSS of the wastewater influent when it's first entering the wastewater 

treatment plant. If possible enter in mg/L, otherwise use the unit of your choice 

 

• Total Suspended Solids (TSS) - after first sedimentation (mg/L) 
What is the average TSS of the wastewater when entering the biological treatment/aeration tank. 

If possible enter in mg/L, otherwise use the unit of your choice 

 

• Chemical oxygen demand (COD) - before first sedimentation (mg/L) 
What is the average COD of the wastewater influent when it's first entering the wastewater 

treatment plant. If possible enter in mg/L, otherwise use the unit of your choice. If there are no 

values for COD available, please enter TOC or BOD values if possible. 

 

• Chemical oxygen demand (COD) - after first sedimentation (mg/L) 
What is the average COD of the wastewater when entering the biological treatment/aeration tank. 

If possible enter in mg/L, otherwise use the unit of your choice. If there are no values for COD 

available, please enter TOC or BOD values if possible. 

 

• soluble COD (sCOD) - before first sedimentation (mg/L) 
What is the average sCOD of the wastewater influent when it's first entering the wastewater 

treatment plant. If possible enter in mg/L, otherwise use the unit of your choice 

 

• soluble COD (sCOD) - after first sedimentation (mg/L) 
What is the average sCOD of the wastewater entering the biological treatment/aeration tank. If 

possible enter in mg/L, otherwise use the unit of your choice 

 

• N-dosing (mg/L) 
If any, what is the average dose of nitrogen (as urea) added to the wastewater entering the 

aeration tank. Please specify what chemical used if not urea. If possible enter in mg/L, otherwise 

use the unit of your choice. 

 

• P-dosing (mg/L) 
If any, what is the average dose of phosphorus added to the wastewater entering the aeration 

tank. If possible enter in mg/L, otherwise use the unit of your choice 

 



 

59 

Section Two: Handling of waste activated sludge (WAS) 

The primary sludge referrers to the sludge separated from the wastewater during the primary 

clarification. The waste activated sludge (WAS), also mentioned as bio-sludge, refers to the sludge 

separated during the biological treatment. Sludge from eventually tertiary treatment (e.g. chemical 

sludge) is not within the scope for this research and excluded. 

• What type of biological treatment is performed at your mill? 
o Activated Sludge 
o Aerated Pond 
o Other:….. 
 

• Hydraulic retention time (HRT) in biological treatment/aeration tank (hours) 
What is the average HRT of the sludge in the biological treatment/aeration tank. If possible enter 

in hours, otherwise use the unit of your choice 

 

• Sludge age in biological treatment/aeration tank (days) 
What is the average sludge age of the sludge in the biological treatment/aeration tank. If possible 

enter in days, otherwise use the unit of your choice 

 

• Is the primary sludge and the WAS/bio sludge treated together? 
o Yes, all of the primary sludge and the WAS/bio-sludge is mixed and treated together 
o Yes, a part of the primary sludge and the WAS/bio-sludge is mixed and treated together 
o No. The primary sludge and the WAS/bio-sludge is treated separately 
 

• How is the WAS/bio sludge treated? 

• Dewatered + Incinerated 

• Dewatered + Used as landfill material 

• Used for anaerobic digestion + flared 

• Used for anaerobic digestion + upgraded 

• Other…. 
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Table 1.  A complete presentation of responses provided from the PPMs included in the survey. b S1 = before first sedimentation, a S1 = after first sedimentation, TSS= Total 
soluble solids, COD = Chemical oxygen demand, N = Nitrogen, P = Phosphorous,   HRT = Hydraulic retention time, AP = Aerated pond, AS = Activated sludge, AL = Aerated 
lagoon, MBBR = Moving bed biofilm reactor, UASB = Up-flow anaerobic sludge blanket, PS = Primary sludge, BS = Biological sludge (except waste activated sludge (WAS)), I = 
Incineration, L = Landfilling 

Mill Type Flow 
rate 
(m3/d) 

TSS b 
S1, 
mg/L 

TSS a 
S1 
mg/L 

COD 
b S1, 
mg/L 

COD a 
S1, 
mg/L 

sCOD b 
S1, 
mg/L 

sCOD a 
S1, mg/L 

N-dosing 
mg/L 

P-dosing 
mg/L 

HRT 
(h) 

Sludge 
age (d) 

Biological 
treatment 

Sludge 
handling 

Sludge 
dis-
posal 

Mill A2 TMP 23 000 1500 300 * * * 3591 (24 
t TOC/d) 

32 (740 kg 
N7/d) 

3.3 (75 
kg P/d) 

35 12 AP PS+BS L 

Mill A3 TMP 20 000 1750 350 4850 2800 * 2150 3.75 0.61 * 14 AS PS+WAS I 

Mill A4 TMP 33 000 3000 400 * 2900 * 2200 167 (5500 
kg/d) 

10.9 (360 
kg/d) 

12 
(120) 

12-17 Biostep AL PS, BS 
separate 

I 

Mill A5 TMP/ 
GW 

25 000 1930 155 3075 
(TOC: 
892) 

2810 
(TOC: 
815) 

* * 25.26 (31 
kg/ton 
TOC) 

2.6 (3.2 
kg/ton 
TOC) 

* 7-12 AS PS+WAS L 

Mill B2 Kraft 33 000 95 40 570 450 * * 1.5 0.2 30 15 AS PS+WAS I 

Mill B3 Kraft/ 
NSSC 

60 000 450 100 * * 180 240 0.3 0.15 35 30 * * I+L 

Mill B4 Kraft  100 
000 

450 40 350 300 350 300 5 0 125 * * * I 

Mill B5 Kraft 10 800 * * * * * 1250 23 1 5.5 * MBBR PS, BS 
separate 

I 

Mill B6 Kraft/ 
NSSC 

45 000 100 40 1400 500 * * 3 0.3 10 8-10 AS PS, WAS 
separate 

I 

Mill B7 Kraft/ 
CTMP 

24 000 300 90 2300 1800 * * * * 20 8-12 AS PS+WAS 
separate 

I 

Mill C2 BCTMP 3500 * * 11 00
0 

6300 * * 17 (ml/m3) 1.35 
(ml/l) 

* * AS PS+WAS I 

Mill D1 RC 4080 * 188 * 2338 * 2061 12.5 4.2 20 7 UASB+AS * L 

Mill G1 Sulfit 76 000 300 100 * 1990 * 1620 16 2.1 40 20 AS PS+WAS I 

Mill F1 Board 13 000 1320 149 3190 987 * * 25.4 (330 
kg/d) 

1.4 (18 
kg/d) 

* 13 AS PS+WAS I 
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Appendix B: Results from laboratory experiments 

Possible sources of error 

Some disturbances occurred during the experiments that might influence the biogas production. It is 

hard to speculate to what extent the samples were affected from the disturbances but the final results 

from the batches were considered within reasonable range. 

• During the first sampling occasion a malfunction in the pressure meter effected the biogas 
measurements. The resulting error was predicted as low as the gas production was low at this 
time. 
 

• During the second, third and fourth test occasions the bottles were stirred too hard which might 
have affected the growth rate of the bacteria. 
 

• During these same occasions the calibration curve was a bit low compared to the rest of the 
trials. The odd shape of the methane curves during sample day 7 and 14 might be explained by 
the odd calibration curve to some extent. The methane production was below inoculum 
methane production levels during day 7 and 14 for these samples. When methane produced 
from the inoculum was subtracted from test results some of the samples seemed to have a 
negative methane production during day 7 and 14, which was not the case. 
 

• The climate room malfunctioned before sample occasion seven with a temperature increase 
about 10 degrees for several hours. The possible effect was a higher biogas production in the 
samples during that time. 
 

• During sample occasion seven disturbances in the GC-FID was discovered, with increasing 
methane values and a lower accuracy as a result, the disturbance might also have affected 
previous values. 
 

• During sample occasion eight the machine had been served which could explain the lower 
methane value from that occasion. 
 

• During sample occasion eight one sample was not run. Due to uncertain results from day 56, 
results from day 42 was used when calculating BMP and for the results used when discussing the 
results. 
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Table 2. The accumulated methane production during the laboratory experiments presented as a medium value for each triplicate. Corresponding standard deviation for each 
sampling point is presented together with each value. Accumulated methane for mill B1 is not presented from test results for day 56 as that sample was assumed lost. Methane 
production was however estimated based on produced amount of biogas for all mills during day 56, also presented in the table. 

Mill Methane 
production  
(day 1) 
(NmL 
CH4/g VS) 

Methane 
production  
(day 4) 
(NmL 
CH4/g VS) 

Methane 
production  
(day 7) 
(NmL 
CH4/g VS) 

Methane 
production 
(day 14) 
(NmL CH4/g 
VS) 

Methane 
production 
(day 21) 
(NmL 
CH4/g VS) 

Methane 
production 
(day 28) 
(NmL CH4/g 
VS) 

Methane 
production  
(day 42) 
(NmL CH4/g 
VS) 

Methane 
production - 
Values from test 
results  
(day 56) (NmL 
CH4/g VS) 

Methane 
production- Values 
estimated from 
biogas production 
(day 56) (NmL CH4/g 
VS) 

Mill A1 (TMP) 18 ± 30 ± 2 51 ± 1 58 ± 5 59 ± 6 67 ± 5 87 ± 4 85 ± 11 85 

Mill A2i (TMP) 12 ± 26 ± 1 58 ± 2 75 ± 1 75 ± 2 91 ± 3 125 ± 2 129 ± 3 117 

Mill A2ii (TMP) 13 ± 23 ± 1 50 ± 1 59 ± 1 56 ± 3 71 ± 3 92 ± 3 117 ± 3 95 

Mill A3 (TMP) 10 ± 41 ± 1 63 ± 1 88 ± 7 87 ± 4 93 ± 5 129 ± 3 132 ± 4 135 

Mill B1 (Kraft) 8 ± 26 ± 9 33 ± 6 30 ± 6 18 ± 2 31 ± 5 77 ± 5 n/a? 61 

Mill B2 (Kraft) 13 ± 17 ± 0 33 ± 1 32 ± 3 24 ± 4 27 ± 2 47 ± 7 55 ± 10 47 

Mill B3 (Kraft/NSSC) -2 ± 14 ± 1 32 ± 1 41 ± 3 43 ± 4 50 ± 4 79 ± 4 84 ± 9 64 

Mill C1 (CTMP) 14 ± 103 ± 2 119 ± 3 129 ± 3 121 ± 4 126 ± 2 150 ± 2 133 ± 4 147 

Mill C2i (BCTMP) 18 ± 58 ± 2 66 ± 3 64 ± 3 42 ± 1 56 ± 2 97 ± 5 88 ± 2 84 

Mill C2ii (BCTMP) 30 ± 100 ± 2 119 ± 1 113 ± 3 98 ± 6 116 ± 9 145 ± 6 140 ± 15 137 

Mill D1 (RC) 15 ± 43 ± 3 61 ± 6 69 ± 9 58 ± 10 72 ± 9 111 ± 9 105 ± 16  
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Figure 18. The accumulated methane production between day 1 and day 56, including the result for mill B1 estimated by produced amount of biogas and methane yield. 
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Appendix C: Calculations of theoretical methane yield 

Methane yield, WAS, based on methane yield values from Buswells equation with stoichiometric 

calculations based on molecular composition. *For maximum yield calculations lignin was estimated 

with a lower value than presented in the range, this to comply with the correct minimum values for 

cellulose. 

Table 3. The range of the methane yield for each component included in WAS, the methane yield for each 
component (Weiland, 2010) presented together with the lowest and highest contributions of methane per g VS 
possible for WAS. 

 Range 
(%) 

Methane 
yield 
(mL CH4/g 
VS) 

Composition 
for lowest 
possible yield 
(%) 

Methane yield-
based on 
lowest 
estimate (mL 
CH4/g VS) 

Composition 
for highest 
possible yield 
(%) 

Methane yield-
based on 
highest 
estimate (mL 
CH4/g VS) 

Carbohydrates  0-23  415 0 0 23 95 

Cellulose  19-27 415 19 79 27 112 

Protein 22-52 496 22 109 52 258 

Lipids  2-10 1014 2 20 10 101 

Lignin 36-50 0 50 0 36 0 

Total 93-148  93 208 148 566 

 

Methane yield based on estimations from the least beneficial composition of WAS: 

 

415 × 0.19 + 496 × 0.22 + 1014 × 0.02 =  
208 𝑚𝐿 𝐶𝐻4

𝑔 𝑉𝑆
 (5) 

 

Methane yield based on estimations from the most beneficial composition of WAS: 

 

415 × 0.5 + 496 × 0.52 + 1014 × 0.1 =  
566 𝑚𝐿 𝐶𝐻4

𝑔 𝑉𝑆
 (6) 

 

Maximum methane yield-based on a medium value from a mix with the least and respectively most 

beneficial compositions of WAS: 

 

208 + 566

2

𝑚𝐿 𝐶𝐻4

𝑔 𝑉𝑆
= 387 

𝑚𝐿 𝐶𝐻4

𝑔 𝑉𝑆
 (7) 
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Appendix D: Calculations for theoretical BMP from raw wastewater and WAS 

Calculations for theoretical biomethane potential from raw wastewater and WAS. Values for the mills 

in the survey that contributed with information regarding wastewater characterises are presented in 

Table 10. An example of the calculations is presented below, based on COD values from Mill A2: 

(1). Example of CH4 potential calculations of raw wastewater estimated in (8). 

 

0.35 𝑚3𝐶𝐻4 

𝑘𝑔 𝐶𝑂𝐷
×

3.59 𝑘𝑔 𝐶𝑂𝐷 

𝑚3 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟
=

1.26 𝑚3𝐶𝐻4 

𝑚3 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟
  (8) 

 

(2). Theoretical methane potential from WAS, without and with EffiSludge. 

Assuming of 90 % COD reduction in the AST (Thompson, et al., 2001), and further assuming that 0.2 kg 

soluble solids (SS) is produced per kg COD reduced with extended aeration and 0.4 kg SS is produced 

per kg COD reduced if EffiSludge conditions are applied. (van Lier, et al., 2008) (ÅF, 2017). 63 % of the 

SS is assumed to be organic solids, and the VS reduction from the organic fraction of the SS is 

approximated as 26 % based on laboratory experiments. 

The sludge production without EffiSludge is estimated in (9). 

 

0.2 𝑘𝑔 𝑆𝑆

𝑘𝑔 𝐶𝑂𝐷 𝑟𝑒𝑑𝑢𝑐𝑒𝑑
×

3.59 𝑘𝑔 𝐶𝑂𝐷 × 90%

𝑚3 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟
 =  

0.718 𝑘𝑔 𝑆𝑆

𝑚3 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟
 (9) 

 

The maximum methane potential from WAS produced without EffiSludge is estimated in (10). 

 

0.718 𝑘𝑔 𝑆𝑆

𝑚3 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟
× 63 % 𝑉𝑆 × 

0.387 𝑚3𝐶𝐻4

𝑘𝑔 𝑉𝑆
 =  

0.175 𝑚3𝐶𝐻4

𝑚3 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟
 (10) 

 

The sludge production with EffiSludge is estimated in (11). 

 

0.4 𝑘𝑔 𝑆𝑆

𝑘𝑔 𝐶𝑂𝐷 𝑟𝑒𝑑𝑢𝑐𝑒𝑑
×

3.59 𝑘𝑔 𝐶𝑂𝐷 × 90%

𝑚3 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟
 =  

1.436 𝑘𝑔 𝑆𝑆

𝑚3 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟
 (11) 

 

The maximum methane potential from WAS produced with EffiSludge is estimated in (12). 

 

1.436 𝑘𝑔 𝑆𝑆

𝑚3 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟
× 63 % 𝑉𝑆 × 

0.387 𝑚3𝐶𝐻4

𝑘𝑔 𝑉𝑆
 =  

0.35 𝑚3𝐶𝐻4

𝑚3 𝑤𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟
 (12) 
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Appendix E: WAS characteristics in mass balance calculations 

The WAS characteristics was estimated with TS = 6 % and VS (as % of TS) = 63 %. Food waste was 

estimated with TS =17 %, VS (as % of TS) = 91 % (Zhang, et al., 2007). The total TS in the influent stream 

to the digester was approximated with 10.4 % and VS = 74.2 % based on the calculations in (13) and 

(14) below. 

 

𝑇𝑆 𝑖𝑛 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝑡𝑜 𝐴𝐷 = 6 % ∗ 0.6 + 17 % ∗ 0.4 = 10.4 % (13) 

𝑉𝑆 𝑖𝑛 𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝑡𝑜 𝐴𝐷 (𝑎𝑠 % 𝑜𝑓 𝑇𝑆) = 63 % ∗ 0.6 + 91 % ∗ 0.4 = 74.2 % (14) 

 

The total VS reduction was approximated with 48 % from the VS from WAS of 26 % and the VS from 

food waste of 81 % assumed reduced with calculations in (15) below (based on laboratory results and 

literature) (Zhang, et al., 2007). 

 

𝑇𝑜𝑡𝑎𝑙 𝑉𝑆 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 26 % ∗ 0.6 + 81% ∗ 0.4 = 48 % (15) 

 

60 % of the biogas was assumed to be methane. This was based on the calculations in (16) including a 

methane yield from WAS approximated as 50 % based on a medium value of from the lab experiments, 

and the methane yield from food waste approximated as 73 % (Oliveira & Doelle, 2015). 

 

𝑀𝑒𝑡ℎ𝑎𝑛𝑒 𝑦𝑖𝑒𝑙𝑑 = 50 % ∗ 0.6 + 73 % ∗ 0.4 = 59.2 % ~ 60 % (16) 

 

Appendix F: Emission factors from greenhouse gases 

Table 4. Characterisation factors from GHGs on a 100-year horizon 

Greenhouse gas Emission value on a 100-year horizon 
(Ecoinvent, 2017) 

Carbon dioxide (CO2) 1 

Methane (CH4) 30.5 

Dinitrogen monoxide (N20) 265 
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Appendix G: Calculation of emissions connected with anaerobic digestion 

The emissions connected with anaerobic digestion (AD) is based on the amount of WAS entering the 

CSTR, estimated from the mass balance model. 

Assumptions used from the mass balance model: 

• A total of 0.139 m3 WAS per tonne of pulp enters the anaerobic CSTR, based on 190 m3 of WAS 

entering the CSTR from the AST, as calculated in (17) 

 

190 𝑚3 𝑊𝐴𝑆
𝑑𝑎𝑦⁄  × 365 𝑑𝑎𝑦𝑠

500 000 𝑡𝑜𝑛𝑛𝑒𝑠 𝑜𝑓 𝑝𝑢𝑙𝑝
=

0.139 𝑚3 𝑊𝐴𝑆

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 (17) 

 

• From the influent TS (including co-digested material) = 10.4 % ~ 10 % and total VS (including co-

digested material) = 74 % a total amount of 0.01 tonnes of VS is present for biogas production 

 

0.139 𝑚3 𝑊𝐴𝑆

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
× 0.1 × 0.74 =

0.01 𝑚3 𝑉𝑆

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 ~ 

0.01 𝑡𝑜𝑛𝑛𝑒 𝑉𝑆

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 (18) 

 

Further assumptions used to estimate amount of methane (CH4) produced 

• Biomethane potential from WAS = 100 Nm3 CH4/tonne VS 

• Actual AD performance = 48 % (based on 48 % VS reduction) 

 

0.01 𝑡𝑜𝑛𝑛𝑒 𝑉𝑆

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 ×

100 𝑁𝑚3𝐶𝐻4

𝑡𝑜𝑛𝑛𝑒 𝑉𝑆
× 48 % ~ 

0.51 𝑁𝑚3𝐶𝐻4

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 (19) 

 

Assumptions used to calculate kg CO2-eq emissions from leakage of biogas during AD and 

upgrading of biogas 

• Of total amount of biogas produced: 0.15 % biogas leakage during AD, 1 % biogas leakage during 

upgrading.  

• Density of CH4 = 0.656 kg/Nm3 

• Emission factor, CH4 =30.5 CO2-eq (Ecoinvent, 2017) 

The emissions from leakage of biogas during AD and upgrading of biogas, presented as CO2-eq 

emissions per tonne pulp is presented in (20):  

 

1.15 % ×
0.51 𝑁𝑚3𝐶𝐻4

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×  

0.656 𝑘𝑔 𝐶𝐻4 

 𝑁𝑚3𝐶𝐻4

×
30.5 𝐶𝑂2𝑒𝑞 

𝑘𝑔 𝐶𝐻4

=  
0.118 𝐶𝑂2𝑒𝑞 

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 (20) 
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Emissions from electricity produced off-site, utilized during upgrading the biogas. 

The amount of biogas produced by AD if the methane yield is assumed as 60% 

 

0.51 𝑁𝑚3𝐶𝐻4
𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝⁄

60 %
=  

0.86 𝑁𝑚3 𝑅𝑎𝑤 𝑏𝑖𝑜𝑔𝑎𝑠

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 (21) 

 

3.6 % of the raw biogas is used for electricity during AD, 8 % for heat and 1.15 % lost due to leakage. 

Taking that into account the amount of biogas available for upgrading is less, as calculated below. 

 

0.86 𝑁𝑚3 𝑅𝑎𝑤 𝑏𝑖𝑜𝑔𝑎𝑠

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
× (1 − 0.036) × (1 − 0.08) × (1 − 0.0115) =  

0.75 𝑁𝑚3 𝑟𝑎𝑤 𝑏𝑖𝑜𝑔𝑎𝑠

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 (22) 

 

The required electricity needed to upgrade biogas is assumed as 0.3 kWh/Nm3 raw biogas, resulting 

in the specific amount of electricity = 0.23 kWh per tonne of pulp as described in (23) 

 

0.3 𝑘𝑊ℎ

 𝑁𝑚3 𝑟𝑎𝑤 𝑏𝑖𝑜𝑔𝑎𝑠
×

0.75 𝑁𝑚3 𝑟𝑎𝑤 𝑏𝑖𝑜𝑔𝑎𝑠

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
=

0.23 𝑘𝑊ℎ

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 (23) 

 

Following emission factors were used to calculate input from off-site produced electricity: 

• Nordic mix: 0.061 kg CO2-eq/kWh 

• Marginal electricity, Natural gas (NG): 0.736 kg CO2-eq/kWh 

• Marginal electricity, Coal: 1.087 kg CO2-eq/kWh 

 

Emissions from electricity produced off-site based on Nordic mix 

 

0.23 𝑘𝑊ℎ

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

0.061 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑘𝑊ℎ
=  

0.014 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 (24) 

 

Emissions from electricity produced off-site base on marginal electricity, NG 

 

0.23 𝑘𝑊ℎ

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

0.736 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑘𝑊ℎ
=  

0.166 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 (25) 
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Emissions from electricity produced off-site on marginal electricity, Coal 

 

0.23 𝑘𝑊ℎ

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

1.087 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑘𝑊ℎ
=  

0.245 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 (26) 

 

Substituted emission from bio-methane as fuel 

If biogas will be upgraded to 98 % CH4, and that the methane yield still is assumed as 60 % of the 

biogas resulting in 0.46 Nm3 upgraded biogas, or biomethane, per tonne of pulp (27). 

 

0.75 𝑁𝑚3 𝑟𝑎𝑤 𝑏𝑖𝑜𝑔𝑎𝑠

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

60%

98 %
 =  

0.46 𝑁𝑚3 𝑢𝑝𝑔𝑟𝑎𝑑𝑒𝑑 𝑏𝑖𝑜𝑔𝑎𝑠 (𝐵𝑖𝑜𝑚𝑒𝑡ℎ𝑎𝑛𝑒)

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 (27) 

 

The calorific value of methane ranges between 35.8-39.8 MJ/Nm3 CH4 (Engineering ToolBox, 2008). 

Using the lower limit this gives a possibility of energy recovery of 16 MJ per tonne of pulp as described 

in (28) 

 

0.46 𝑁𝑚3 𝑢𝑝𝑔𝑟𝑎𝑑𝑒𝑑 𝑏𝑖𝑜𝑔𝑎𝑠 ( 𝑁𝑚3𝐶𝐻4)

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

35.8 𝑀𝐽

 𝑁𝑚3𝐶𝐻4

 =  
16 𝑀𝐽

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
 (28) 

 

Following emission factors were used to calculate input from off-site produced electricity: 

• Natural gas: 0.072 kg CO2-eq/MJ (Valli, et al., 2017) 

• Natural gas: 0.0566 kg CO2-eq/MJ (Energimyndigheten, 2017 ) 

• Biogas: 0.0561 kg CO2-eq/MJ (Energimyndigheten, 2017 ) 

• Biogas: 0.027 kg CO2-eq/MJ (Valli, et al., 2017) 

 

Emissions from utilisation of 16 MJ using natural gas (29) and (30) 

 

0.072 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑀𝐽
× 16 𝑀𝐽 = 1.187 𝑘𝑔 𝐶𝑂2𝑒𝑞 (29) 

0.0566 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑀𝐽
× 16 𝑀𝐽 = 0.933 𝑘𝑔 𝐶𝑂2𝑒𝑞 (30) 
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Emissions from utilisation of 16 MJ using biomethane (31) and (32) 

 

0.0561 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑀𝐽
× 16 𝑀𝐽 =  0.925 𝑘𝑔 𝐶𝑂2𝑒𝑞 (31) 

0.027 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑀𝐽
× 16 𝑀𝐽 =  0.445 𝑘𝑔 𝐶𝑂2𝑒𝑞 (32) 

 

The substitution of -0.38 per tonne of pulp used in case scenarios is estimated trough (33) 

 

 ((1.187 − 0.925) + (1.187 − 0.445) + (0.933 − 0.925) + (0.933 − 0.455))𝑘𝑔 𝐶𝑂2𝑒𝑞/4 
=  0.38𝑘𝑔 𝐶𝑂2𝑒𝑞 

(33) 

 

Appendix H: Reductions of carbon footprint from implementation of WWT with 

EffiSludge condition in Nordic pulp production 

Calculations for reduction of carbon footprint based on annual production of pulp in Europe and the 

part of the pulp produced in Nordic countries of Sweden, Finland and Norway 2013 (CEPI, 2014a) 

 

37 303 000 𝑡𝑜𝑛𝑛𝑒𝑠 𝑜𝑓 𝑝𝑢𝑙𝑝 𝑖𝑛 𝐸𝑢𝑟𝑜𝑝𝑒

𝑦𝑒𝑎𝑟
× 63% =

23 500 890 𝑡𝑜𝑛𝑛𝑒𝑠 𝑜𝑓 𝑝𝑢𝑙𝑝 𝑓𝑟𝑜𝑚 𝑁𝑜𝑟𝑑𝑖𝑐 𝑚𝑖𝑙𝑙𝑠

𝑦𝑒𝑎𝑟
 (34) 

 

Carbon footprints per tonne of pulp from WWT is presented as following in the baseline, case scenario 

1 and case scenario 2 respectively: 

• Based on marginal electricity from Coal: 13.22, 5.91 and 5.48 kg CO2-eq/tonne pulp  

• Based on marginal electricity from Natural Gas: 9.62, 3.98 and 3.55 kg CO2-eq/tonne pulp 

• Based on the Nordic mix: 2.57, 0.28 and -0.15 kg CO2-eq/tonne pulp 

 

13.22 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

(23.5 × 106 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝)

𝑦𝑒𝑎𝑟
− 

5.91 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

(23.5 × 106 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝)

𝑦𝑒𝑎𝑟

=
170 × 106 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑦𝑒𝑎𝑟
 

(35) 

13.22 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

(23.5 × 106 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝)

𝑦𝑒𝑎𝑟
− 

5.48 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

(23.5 × 106 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝)

𝑦𝑒𝑎𝑟

=
180 × 106 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑦𝑒𝑎𝑟
 

(36) 
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𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

(23.5 × 106 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝)

𝑦𝑒𝑎𝑟
−  

3.98 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

(23.5 × 106 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝)

𝑦𝑒𝑎𝑟

=
133 × 106 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑦𝑒𝑎𝑟
 

(37) 

9.62 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

(23.5 × 106 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝)

𝑦𝑒𝑎𝑟
− 

3.55 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

(23.5 × 106 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝)

𝑦𝑒𝑎𝑟

=
143 × 106𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑦𝑒𝑎𝑟
 

(38) 

2.57 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

(23.5 × 106 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝)

𝑦𝑒𝑎𝑟
− 

0.28 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

(23.5 × 106 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝)

𝑦𝑒𝑎𝑟

=
54 × 106 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑦𝑒𝑎𝑟
 

(39) 

2.57 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

(23.5 × 106 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝)

𝑦𝑒𝑎𝑟
− 

−0.015 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝
×

(23.5 × 106 𝑡𝑜𝑛𝑛𝑒 𝑜𝑓 𝑝𝑢𝑙𝑝)

𝑦𝑒𝑎𝑟

=
60 × 106 𝑘𝑔 𝐶𝑂2𝑒𝑞

𝑦𝑒𝑎𝑟
 

(40) 

 


