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Department of Chemical Engineering and Technology, Energy Processes 
KTH – Royal Institute of Technology, Stockholm, Sweden 

 

Abstract 
Mitigation of climate change and energy security are major driving forces for increased 

biomass utilization. The pulp and paper industry consumes a large proportion of the 

biomass worldwide including bark, wood residues, and black liquor. Due to the fact that 

modern mills have established infrastructure for handling and processing biomass, it is 

possible to lay foundation for future gasification based bio-refineries to poly-produce 

electricity, chemicals or bio-fuels together with pulp and paper products. There is a 

potential to export electricity or bio-fuels by improving energy systems of existing chemical 

pulp mills by integrating gasification technology. 

The present study investigates bio-fuel alternatives from the dry black liquor gasification 

(BLG) system with direct causticization and direct methane production from the catalytic 

hydrothermal gasification (CHG) system. The studied systems are compared with bio-fuel 

alternatives from the Chemrec BLG system and the improvements in the energy systems of 

the pulp mill are analyzed. The results are used to identify the efficient route based on 

system performance indicators e.g. material and energy balances to compare BLG systems 

and the conventional recovery boiler system, potential biofuel production together with 

biomass to biofuel conversion efficiency, energy ratios, potential CO2 mitigation combining 

on-site CO2 reduction using CO2 capture and potential CO2 offsets from biofuel use, and 

potential motor fuel replacement. 

The results showed that the dry BLG system for synthetic natural gas (SNG) production 

offers better integration opportunities with the chemical pulp mill in terms of overall 

material and energy balances. The biofuel production and conversion efficiency are higher 

in the CHG system than other studied configurations but at a cost of larger biomass import. 

The dry BLG system for SNG production achieved high biomass to biofuel efficiency and 

considerable biofuel production. The energy ratio is significant in the dry BLG (SNG) system 

with less biomass demand and considerable net steam production in the BLG island. The 

elimination of the lime kiln in the dry BLG systems resulted in reduced consequences of 

incremental biomass import and associated CO2 emissions. Hydrogen production in the dry 

BLG system showed the highest combined CO2 mitigation potential i.e. on-site CO2 capture 

potential and CO2 offset from biofuel replacing fossil fuel. The results also showed that the 

motor fuel replacement potential with SNG as compressed natural gas (CNG) replacing 

gasoline in the transport sector is significantly high in countries with large pulp industry.  

Keywords: Bio-refinery; Biomass; Black liquor gasification; Bio-fuel; Pulp mill; CO2; 

Conversion efficiency; Integration; Synthesis gas 
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1. Introduction 

1.1 Background 

About 85% of world energy comes from fossil fuels and the consumption is 

projected to expand by 50% from 2005 to 2030 causing depletion of known fossil 

fuel resources (EIA, 2007). This rapid increase in energy use raises issues like 

global warming, fuel security and depletion of non-renewable resources. Mitiga-

tion of climate change and energy security are major driving forces for increased 

biomass energy utilization. A variety of initiatives are at the development stage to 

reduce oil dependency and fossil based greenhouse gas emissions. There is 

currently great promise in putting efforts to favour the use of renewable energy 

resources including the increased production of bio-based fuels, as one of the 

possible solutions to solve environmental issues. The renewable fuels are likely to 

play an important role in the future energy supply to replace fossil fuels due to 

increasingly strict regulations for greenhouse gas (GHG) emission reduction. The 

European Union (EU) has set the target for bio-fuel use in the transportation 

sector of 5.75% by 2010 (EU Directive, 2003). According to a Renewable Directive 

in 2009, the share of renewable sources shall be 20% of energy supplied by 2020 

and a share of 10% bio-fuels in transportation sector (Swedish energy agency, 

2009). Under this directive, Sweden has set a target of 50% of the energy supplied 

in Sweden shall come from renewable resources by 2020 (Swedish energy agency, 

2009). The target is challenging but quite modest in order to meet demanding 

targets for GHG emission reductions. With the growing fossil fuel consumption in 

the transport sector, the development of innovative bio-fuel production tech-

nologies will help to meet these challenging targets.  

Forest-based biomass plays an important role as a raw material for wood-based 

products and as a renewable fuel. Biomass is considered as CO2 neutral if it is 

sustainably managed and efficiency improvement of the current bio-energy 

systems is significantly important (Thuijl et al., 2003; Möllersten and Yan, 2001). 

The pulp and paper industry consumes a large proportion of biomass worldwide 

and it is the sixth largest energy consumer industry in Europe (CEPI, 2009). 

According to the facts and figures report on the Swedish forest industries, the 
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pulp and paper industry in Sweden is the third largest in Europe e.g. Sweden 

shares 6% of total pulp production in the World (Swedish forest industries, 2010). 

Due to the fact that modern pulp industry have an established infrastructure for 

handling and processing biomass, it is possible to lay foundation for future 

gasification based bio-refineries to co-produce electricity, chemicals or bio-fuels 

together with the pulp. There is a potential to export electricity or bio-fuels by 

improving energy systems of today’s existing chemical pulp mills integrating black 

liquor gasification technology.  

Black liquor (BL) is a major bio-energy resource, especially in those countries with 

a large pulp and paper industry. For example, in Sweden about 40 TWh of 

renewable energy is in the form of black liquor (Swedish energy agency, 2009). 

Black liquor is the residue of lignin and spent chemicals that comes from the 

digestion unit in the chemical pulping process, also known as Kraft process. In 

conventional pulp mills, black liquor is fired in a recovery boiler (RB) to produce 

steam and electricity and to recover cooking chemicals for re-use in the digestion 

unit. The recovery boiler technology has proven to work well but it has several 

major disadvantages e.g. low power generation efficiency, smelt-water explosions 

and reduced-sulfur gas emissions (Larson et al., 2006; Whitty, 2005).  

There has been a significant interest in developing new technologies like black 

liquor gasification (BLG) to avoid such drawbacks associated with the conven-

tional recovery boiler system. The black liquor gasification route can be 

advantageous in terms of fuel security, existing supply infrastructure, and bio-fuel 

applications in wide range of industries. During gasification, black liquor is gasified 

at high temperature to produce a synthesis gas containing CO, CO2, H2, and CH4 as 

major constituents. The synthesis gas is cooled, cleaned from tars and sulfur 

compounds and further processed to renewable energy products e.g. electricity, 

synthetic natural gas (SNG), methanol (MeOH), dimethyl ether (DME), hydrogen, 

Fischer-Tropsch (FT) liquids etc.   

1.2 Related studies 

Black liquor gasification (BLG) is considered as an alternative emerging technology 

to replace the conventional recovery cycle with the recovery boiler. Several 

concerted efforts have been made in recent years to evaluate the energy conse-

quences of integrated BLG technology in the pulp mills and to compare utilization 

of black liquor in the most efficient manner (Berglin and Berntsson, 1998; 

Dahlquist et al., 2009; Ekbom et al., 2003; Harvey and Facchini, 2004; Joelsson and 
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Gustavsson, 2007; Möllersten et al., 2003a, 2003b, 2004; Yan et al., 2007; Ådahl 

et al., 2004).  

Integration of BLG with advanced gas turbine in the KAM reference mill, an Eco-

cyclic pulp mill research programme (see KAM report, 2003), to improve the 

performance of the combined heat and power (CHP) concept has been studied by 

Maunsbach et al. (2001). Various power cycles including combined cycle (CC), 

Steam injected gas turbine (STIG) cycle, evaporative gas turbine or humid air 

turbine (EvGT or HAT) cycles are evaluated (Yan and Edidensten, 2000; Jonsson 

and Yan, 2005). Previous results indicated that the advanced power generation 

has the potential to increase the electricity surplus; this is especially clear when 

the demand of steam is reduced by the improvements of the pulp and paper 

process. The performance of the BLG is evaluated in terms of technical, economic 

and climate change mitigation (Näsholm and Westermark, 1997; Eriksson and 

Harvey, 2004; Yan et al., 2007).  Ekbom et al. (2003) compared technical and 

commercial feasibility of Methanol and Dimethyl ether (DME) production from 

the BLG as motor fuels using Chemrec BLG system. Möllersten et al. (2006) 

assessed the economics of CO2 mitigation of advanced CHP systems with CO2 

capture integrated with large scale pulp and paper mills. Andersson and Harvey 

(2007) compared the hydrogen production from black liquor gasification with 

stand-alone hydrogen production from gasified biomass. Consonni et al. (2009) 

studied gasification based bio-refinery operations for bio-fuel production e.g. 

DME, Fischer-Tropsch liquids, and ethanol-rich mixed-alcohols.  

Thermal gasification of black liquor has been evaluated for many years with a 

number of pilot plants operated successfully. However, there is no pilot plant data 

available for black liquor in hydrothermal gasifier (also known as super critical 

water oxidation) and very few experimental studies were performed. Modell et al. 

(1985) evaluated super critical water gasification of biomass and presented a 

direct route for Methane (CH4) production replacing the methanation unit.  

Waldner and Vogel (2005) presented experimental results and discussed benefits 

of catalytic hydrothermal gasification for renewable CH4 production from woody 

biomass. Sricharoenchaikul (2009) examined black liquor in supercritical water 

gasification to evaluate the feasibility of this technique to convert such waste 

stream to fuel products.  

A number of studies presented dry BLG technology with direct causticization. 

Equilibrium calculations were performed on direct causticization with titanium 

dioxide (TiO2) (Zou et al., 1992). Zen and Heiningen (1996) carried out experimen-

tal tests in a fluidized bed reactor processing 1 kg of dry black liquor solids (BLS) 
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per hour. Richards et al. (2002) and later Nohlgren and Sinquefield (2004) have 

performed complimentary investigations on causticization chemistry.  

There has been more focus on possible integration of gasification process for 

increased energy self-sufficiency. Based on the results from various studies and 

experiences from pilot plant operations; commercialization of the BLG technology 

will be reached within a decade if important technical issues are resolved (Lind-

blom, 2007). This serves as a base for a modern bio-refinery concept at the pulp 

and paper mills, co-producing pulp, paper and valuable energy products. To add 

more value to the chemical pulp mills, some of the R&D in the BLG has been 

focused on: 

 Increased power production from integrated BLG system switching a pulp 

and paper mill from a net electricity importer to exporter. 

 Utilization of surplus black liquor energy for bio-fuel production, poten-

tially converting a modern pulp mill to become bio-fuel supplier in the 

future system. 

 Improved performance of the combined heat and power (CHP) systems 

using integration of the BLG with a gas turbine. 

 Application of advanced power cycles for potential increase in  electricity 

surplus, including combined cycle (CC), Steam injected gas turbine (STIG) 

cycle, evaporative gas turbine (EvGT) or humid air turbine (HAT) cycles. 

 Assessment of BLG technology in terms of technical, economic and climate 

change mitigation.  

 Integration of the BLG system with CO2 mitigation technologies. 

 Cost-competitiveness of electricity or bio-fuel production via BLG. 

 Resolving material challenges of the gasifier refractory lining. 

1.3 Research questions and themes 

Within the context of previous research activities, there are several research 

questions raised to evaluate the competitiveness of the BLG technology for 

successful replacement of the recovery boiler in the conventional black liquor 

recovery cycle. 

 Which gasification technology and biofuel production route will 

be the most energy efficient if integrated with existing/future 

modern pulp mills for renewable fuel production?  
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 Which gasification technology and biofuel alternative can po-

tentially reduce consequences of extra biomass import? 

 What will be the potential impacts on the pulping process and 

energy self-sufficiency of the pulp mill? 

 How can carbon capture technology be adapted into integrated 

BLG systems in pulp mills? 

 Whether transition of modern pulp mills into long-term sus-

tainable energy producing facilities is possible? 

1.4 Aims and scope of thesis 

The present study aims to evaluate the energy conversion performance of the 

BLG integration with the chemical pulp mill in comparison with the conventional 

pulp mill energy system as a reference. Previous studies focused on the develop-

ment of various BLG technologies e.g. SCA-Billerud process, Manufacturing and 

Technology Conversion International (MTCI) process, Direct Alkali Regeneration 

System (DARS), BLG with direct causticization, Chemrec BLG system (Paper II). A 

few technologies were tested on pilot scale but most of them were abandoned 

due to technical inferiority and very fewer are now at commercialization stage. A 

detailed description and current status of various BLG technologies has been 

discussed in the published review article (see Paper II). The potential of electricity 

or bio-fuel production has been studied mostly with the Chemrec BLG system 

integrated with modern pulp mills but there is no valuable effort made to 

estimate the potential of electricity or bio-fuel production from other gasification 

technologies. The chemical cycle in dry BLG system with direct causticization is 

discussed in number of studies but the gasification island for biofuel production 

has not been studied as a potential competitor to Chemrec BLG system.  

The objective of this study is to investigate various bio-fuel alternatives from the 

dry BLG system with direct causticization and direct methane production from the 

catalytic hydrothermal gasification (CHG) system. The studied systems are 

compared with bio-fuel production routes via Chemrec BLG system (a detailed 

description of processes is presented in chapter 2). The improvement in energy 

efficiency of the Chemrec BLG system for MeOH production is analysed replacing 

the Rectisol process with a new absorption system for H2S removal. The results 

are compared to identify the advantageous route based on system performance 

indicators: 
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 Material and energy balances to compare BLG systems and the conven-

tional recovery boiler system. 

 Potential bio-fuel production together with biomass to biofuel conver-

sion efficiency. 

 Detailed energy ratios to discuss useful energy inputs and energy out-

puts in the BLG island 

 Potential CO2 mitigation combining on-site CO2 reduction using carbon 

capture and potential CO2 offsets from bio-fuel use as motor fuel. 

 Potential motor fuel replacement especially in countries with large pulp 

and paper industry. 

The bio-refinery concept studied in this thesis comprises bio-fuel production 

systems including dimethyl ether (DME), methanol (MeOH), synthetic natural gas 

(SNG), and hydrogen production. The emphasis of the study is to keep the pulping 

process unchanged without any major impacts and to recover all cooking chemi-

cals for re-use in the digestion unit.  The energy output in terms of black liquor 

conversion to bio-fuel must be compensated by additional biomass import. 

1.5 Thesis outline 

The thesis is summarized in number of chapters discussing studied processes, 

methodology and assumptions, system configurations, results and discussion on 

comparative studies, a brief discussion on R&D required to fill research knowl-

edge gaps and sustainability aspects of transport biofuel from BLG systems. The 

thesis ends with conclusions and future work suggestions. To give an overview, a 

brief description of each chapter is as follows: 

Chapter 2 provides background information on the studied systems including 

conventional pulping process with the recovery boiler and benefits of black liquor 

as potential fuel source. The integration possibilities of BLG technologies e.g. 

Chemrec gasification, dry BLG with direct causticization, and catalytic hydrother-

mal gasification are discussed.  

Chapter 3 looks more into the methodology adapted, assumptions and the 

reference data used for energy and material balance calculations.  

Chapter 4 shows process configurations of integrated BLG technologies for 

dimethyl ether (DME), methanol, synthetic natural gas (SNG), and hydrogen 

production. 
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Chapter 5 presents the results including system performance indicators e.g. 

Material and energy balances, bio-fuel production potential, biomass to biofuel 

conversion efficiencies, energy ratios, potential CO2 mitigation combining on-site 

CO2 reductions and CO2 offsets from bio-fuel use, and potential motor fuel 

replacement.  

Chapter 6 provides brief discussion on R&D required to fill important research 

knowledge gaps, sustainability aspects of transport bio-fuels, and suggestions for 

future work.  

Chapter 7 highlights major conclusions from the research studies.  
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2. Studied systems 

The pulp and paper industry plays an important role in the European economic 

cluster, generating an annual turnover of more than EUR 400 billion (Gebart, 

2006). About 90% of the pulp and paper is produced from wood as the basic raw 

material. The major components of wood are cellulose (40-50%), hemicelluloses 

(25-30%) and lignin (25-30%). There are two significant pulping technologies 

available that differ greatly in terms of process i.e. mechanical and chemical 

pulping (Holmberg and Gustavsson, 2007). Approximately 30% of the total pulp 

production in European Union is from mechanical pulping while the rest is 

produced by means of chemical pulping (Swedish forest agency, 2008). North 

America has major pulp industry, about 21% of the total pulp produced is from 

mechanical pulping and rest is produced chemically. The present thesis addresses 

integration of the BLG for bio-fuel production at chemical pulp mills replacing the 

conventional black liquor recovery cycle. A brief description of the conventional 

chemical pulping process and the significance of the recovery cycle for energy 

self-sufficiency of the pulp mill are presented in following sections. 

2.1 Conventional chemical pulping process 

The chemical pulping process includes a major process known as digestion where 

wood chips are impregnated with cooking liquor. The wood chips are cooked at a 

temperature of 150-170 °C under highly alkaline conditions in the presence of 

sulfide (Berglin et al., 1999). The objective is to dissolve lignin (delignification) and 

separates it from the cellulose fibers. The produced pulp is then washed to 

recover the cooking liquor (i.e. known as black liquor) and reduce the carryover of 

organic component in the oxygen delignification unit. The pulp is then bleached 

and dried with hot air before it is shipped to the paper mill. 

2.1.1 Black liquor 

Black liquor, spent cooking liquor, is the raw material for the recovery cycle and 

contains organics from the wood and inorganic chemicals used for the delignifica-

tion. A conventional pulp mill uses several hundred tonnes of inorganic chemicals 
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per day for the delignification. It is both economically and environmentally vital to 

recover and re-use these chemicals. Due to the presence of inorganic chemicals 

(about 45%), the heating value per tonne of black liquor solids is relatively low 

(LHV, 12.3 MJ/kg), despite the fact that black liquor is rich in lignin (Stigsson, 

1998). A pulp mill produces 1.7-1.8 tonnes dry solids of black liquor per tonne of 

pulp and represents a potential energy of 250-500 MW per mill producing 1000-

2000 air-dried tonnes per day of pulp (Larson et al., 2000). 

2.1.2 Recovery cycle 

An important part of the chemical pulping process is the black liquor recovery 

cycle that recovers energy from the dissolved lignin and inorganic cooking 

chemicals. A modern Kraft pulp mill is self-sufficient in energy; it can meet all 

internal steam and electricity demand for the processes. The steam and electricity 

is generated in the black liquor fired recovery boiler (also known as Tomlinson 

boiler) and existing bark in the bark boiler. The recovery boilers perform dual 

purposes; first to recover energy from the black liquor and secondly to recover 

cooking chemicals. The advanced recovery boilers operate at a steam tempera-

ture close to 500 °C, which is well below than other advanced boilers (Brown and 

Landalv, 2001). This is due to extremely high alkali content of black liquor which 

implies that the steam parameters must be chosen very conservatively.   

To make black liquor combustible in the recovery boiler, the solid content (17-

18%) from the digestion unit is increased to about 80% in a multi-stage evapora-

tion plant. After the evaporation, the black liquor is burned in the recovery boiler 

and the organics are completely oxidized to provide heat for high pressure (HP) 

steam generation which is used in a back-pressure steam turbine to generate 

electricity. The mill is split into two steam levels i.e. medium pressure (MP) at 10-

12 bar and low pressure (LP) at 4-5 bar. 

For the chemical recovery, sodium and sulfur in the form of smelt are recovered 

at the bottom of the recovery boiler as molten sodium sulfide and sodium 

carbonate. The smelt is then dissolved in weak wash to produce green liquor.  
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Figure 1 Energy and chemical recovery cycle in the pulp mill (Paper II) 

 

Before it can be reused for delignification, the green liquor is reacted with lime in 

a process called causticization to produce calcium carbonate and sodium hydrox-

ide. A conventional recovery cycle is shown in Figure 1. 

2.2 BLG based bio-refinery concept 

 BLG can be an alternative to a recovery boiler in the recovery cycle of the pulp 

mill to produce electricity, chemicals or biofuels. Figure 2 shows the concept of 

bio-refinery operation to produce bio-fuels at the pulp mill. 

The concentrated black liquor is gasified under reducing conditions. The gener-

ated gas, usually known as the synthesis gas, is separated from the inorganic 

contents. Typically, the synthesis gas contains H2, CO, and CH4 as major constitu-

ents with a lower heating value of 4.9-5.3 MJ/Nm
3
 using air as the oxidant at 0°C 

(Tam et al., 1999).   If oxygen is used as an oxidant, the synthesis gas reaches a 

lower heating value of 12.8-13.8 MJ/Nm
3
 at 0°C (Tam et al., 1999). The raw 

synthesis gas and the inorganic smelt are cooled to recover heat to minimize the 

internal energy demand (Grace and Timmer, 1995). The raw gas, after cooling, 

must be cleaned from sulfur contents before it can be converted to valuable 

energy products. 
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Figure 2 BLG Integration with the pulp mill as a replacement of the recovery boiler      
(Paper I) 

A significant feature of the gasification is that it separates sulfur from sodium that 

leaves the black liquor in the form of hydrogen sulfide (H2S). The separation of 

sulfur and sodium is better accomplished at low temperature i.e. over 90% of the 

sulfur being recovered in the synthesis gas. In the high temperature gasification, 

about 50% or more of the sulfur is recovered in the synthesis gas that results in 

increased load on the lime kiln (Larson et al., 2003). However, in the dry BLG 

system, the direct causticization is performed within the reactor that results in the 

elimination of energy-intensive lime kiln. The studied gasification technologies are 

described in later sections. 

2.3 Dry BLG (DBLG) with direct causticization 

During the 1990s, ABB developed a new BLG technology with direct causticization 

for energy optimization (Dahlquist and Jacobs, 1994). The name ‘dry’ given to the 

gasification technology is based on the fact that the black liquor is gasified at 

temperature (800- 850°C) below the melting point of the inorganic solids in the 

black liquor. The inorganic material is recovered as ‘dry solids’ from the bottom of 

the gasifier. However, the Chemrec BLG operates at 950-1000 °C which is above 

the melting point of the inorganic solids in the black liquor. The inorganic material 

is dissolved in water in the quencher. In the conventional recovery boiler, the 

inorganics are recovered as ‘molten smelt’ from the bottom. 
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Figure 3 the Titanate cycle in the DBLG system 

The conventional chemical recovery cycle is replaced by a Titanate cycle (see 

Figure 3). The titanium dioxide reacts with sodium carbonate to form sodium 

titanate and the carbonate is converted to carbon dioxide that results in direct 

causticization. The direct causticization eliminates the use of the energy-intensive 

lime kiln as required in the conventional recovery cycle and also in other gasifica-

tion technologies. The main reactions in the gasifier are (Nohlgren and 

Sinquefield, 2004): 

7 Na2CO3 + 5 (Na2O.3TiO2)  3 (4Na2O.5TiO2) + 7 CO2  (1)  
Na2SO4 + 2 C    Na2S + 2 CO2     (2) 

Na2S + CO2 + H2O    Na2CO3 + H2S    (3) 

3(4Na2O.5TiO2) + 7H2O  5(Na2O.3TiO2) + 14NaOH  (4) 
 

First, sodium sulfate (Na2SO4) is reduced to sodium sulfide (Na2S), and then 

sodium sulfide (Na2S) is stripped off as hydrogen sulfide (H2S). The hydrogen 

sulfide is absorbed from the raw gas in a selective absorber, using part of the 

white liquor for absorption.  

The direct causticization has several advantages over the conventional black 

liquor recovery system including lower capital cost due to fewer process steps e.g. 

no requirement for the lime kiln (Warnqvist et al., 2001, Sinquefield, 2005). In 
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terms of energy efficiency, the direct causticization process is better than the 

conventional recovery system; only 25% of the energy demand in the conven-

tional recovery is required for the direct causticization system (Richards et al., 

2002). 

The agglomeration formation in the bed material is an important aspect to 

consider in the circulating fluidized bed gasification systems. The gasification with 

air is advantageous since the risk of agglomeration formation is negligible but 

there is an increased risk of agglomeration formation of the bed material due to 

local hot spots formation in the oxygen blown CFB gasification systems. However 

in the case of black liquor gasification system, the risk is highly reduced due to a 

significant amount of water content in the black liquor that results in a consider-

able amount of vapour formation within the gasifier. This eliminates the risk of 

agglomeration formation to a large extent. Oxygen blown circulating fluidized bed 

gasifier with steam injection has been built by VTT in Finland and some recent 

experimental results are available (Hannula and Kurkela, 2012). 

2.4 Chemrec black liquor gasification (CBLG) 

The pressurized oxygen blown entrained flow Chemrec BLG system gasifies 

concentrated black liquor at 32 bar and 950-1000 °C (Ekbom et al., 2003). The 

gasifier bed is composed of sodium carbonate and sodium sulfide particles 

formed during gasification. Organics are gasified to the synthesis gas containing 

carbon monoxide (CO), carbon dioxide (CO2), hydrogen (H2), and methane (CH4) as 

major constituents. The synthesis gas and the molten smelt flows downwards 

after a residence time of 5-10 seconds to a quench dissolver where they are 

simultaneously separated from the synthesis gas. The smelt dissolves in the weak 

wash forming green liquor which is pumped back to the dissolving tank. The green 

liquor is then cooled from quench temperature of 220 °C to about 90 °C (Berglin 

et al., 2002). 

2.5 Catalytic hydrothermal gasification (CHG) 

The present study proposes the use of weak black liquor in the catalytic hydro-

thermal gasification system to produce methane, as the direct methane 

production process. The catalytic hydrothermal gasification of black liquor is a 

novel technology to produce methane-rich synthesis gas as an alternative to 

replace the conventional recovery system. The process is also known as super-
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critical water oxidation (SCWO). The study on catalytic hydrothermal gasification 

aims to estimate energy conversion performance of black liquor to methane-rich 

synthesis gas (i.e. methane-rich synthesis gas is of higher heating value than the 

synthesis gas obtained from the Chemrec BLG system or dry BLG system with 

direct causticization). It is important to mention that black liquor has never been 

tested in catalytic hydrothermal gasifier in a pilot plant and a very few experimen-

tal studies were performed (Sricharoenchaikul, 2009). However, the catalytic 

hydrothermal gasification system for woody biomass and manure feedstock is 

developed at the Paul Scherrer Institute (PSI) in Switzerland (Luterbacher et al., 

2009; Waldner and Vogel, 2005). 

The catalytic hydrothermal gasification is used for aqueous systems above the 

critical point of water (220 bar and 374 °C) and the high water content in the 

biomass (nearly 80%) under supercritical condition increases gasification reactions 

that lead to high organics conversion to the methane rich synthesis gas (Calzavara 

et al., 2005; Williams and Onwudili, 2006). This phenomenon results in the direct 

introduction of weak black liquor (17-18% dry solids) to the decomposition unit in 

the catalytic hydrothermal gasification system eliminating energy-intensive 

evaporation unit in the conventional black liquor recovery process, thus increas-

ing energy efficiency. The overall steam demand of the pulp mill will be decreased 

as the multi-effect evaporation unit represents nearly 37% of steam demand of 

the pulp mill that can be removed in this technique (see KAM report, 2003 for 

total steam demand of the mill). However, the internal steam demand of the BLG 

Island is increased i.e. high steam load of the decomposition unit (heat up phase) 

due to high water content of the black liquor. A detailed process configuration for 

methane production from catalytic hydrothermal gasification has been elaborated 

in chapter 4. 
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3. Methodology 

This chapter presents the system boundary with summarized assumptions and 

methodology adapted for studied BLG technologies to produce different bio-fuel 

alternatives integrated with a reference pulp mill. The purpose is to explain how 

energy and material balance calculations have been performed to estimate 

potential bio-fuel production and CO2 offsets.  This Chapter also provides the data 

used for the reference pulp mill system and the gasification islands.   

It is assumed that all cooking chemicals must be recovered from the gasifier and 

sent back to the pulp mill for re-use in the digestion unit. The integrated BLG 

systems with the pulp mill for bio-fuel production require compensation of 

process steam and electricity generation by additional biomass import and 

combustion in the power boiler. This is due to black liquor conversion to bio-fuel 

instead of combustion in the recovery boiler to generate process heat (steam) and 

electricity. The extra biomass import is however significantly reduced in the dry 

black liquor gasification systems for bio-fuel production due to elimination of the 

energy-intensive lime kiln. 

3.1 Reference pulp mill 

An Eco-cyclic pulp mill developed within the Swedish research program KAM 

(Kretslopps Anpassad Massafabrik) is selected as a reference for material and 

energy balances (see KAM report, 2003). KAM mill is a hypothetical and generic 

mill with commercially best available technologies with better integration under 

high environmental standards.  Base capacity for the reference mill selected for 

this study is 1000 air dried tonne (ADt) per day of pulp production that is ap-

proximately equivalent to 1700 tonnes per day of black liquor solids (BLS, as dry). 

The reference mill is assumed to produce a surplus of bark and electricity. Table 1 

shows the key assumption parameters used for modeling of BLG integrated 

reference pulp mill. 
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Table 1 Reference pulp mill characteristics (KAM report, 2003) 

Pulp production   ADt pulp/day   1000 
Wood consumption   tonnes/day (dry wood)  2074 
Black liquor concentration  % solids   80 
Black liquor solids per tonne pulp tonnes/tonne   1.7  
Black liquor solids flow rate  tonnes BLS/day   1700 
Black liquor solids, LHV   MJ/kg,    12.3 
Black liquor energy content  MW    243.5  
          

C    33   
O    36.9  

BLS composition (wt %)   H    3.7  
     S    4.27  
     Na    20.04  
     K    1.92  
     ash/chlorides   0.22 
 
Mill steam use    MW    125 
Mill electricity use   MW    29.7  

3.2 Methodology for gasification systems 

The composition of the synthesis gas at gasifier outlet at equilibrium is used for 

the gasification systems. The equilibrium compositions are calculated from values 

of fundamental thermodynamic quantities available in the literature and the 

synthesis gas composition from the gasifier is verified with previous studies 

(Ekbom et al., 2003; Dahlquist and Jones, 2005). Since a number of compounds 

and phases are involved, the Gibbs energy minimization method is applied based 

on the fundamental condition that the total Gibbs energy of the system will have 

a minimum at equilibrium. The method is advantageous since the knowledge of 

species present in the system is sufficient and it is not necessary to know the 

reaction paths. 

A detailed synthesis gas data for each production route is presented in the 

respective appended research papers. The detailed data helps to calculate the 

overall material and energy balances of the black liquor gasification island 

providing the synthesis gas composition, volumetric and mass flow rate of the 

synthesis gas, and the lower heating value of the synthesis gas at each important 

step of converting the synthesis gas to the bio-fuel. It is important to mention that 

methane concentration could be found considerably different from the equilib-

rium value at very high temperatures especially in the Chemrec BLG system (950-

1000 °C) e.g. the synthesis gas from the Chemrec gasifier contains 1.35 %vol (as 
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dry) of methane, whereas equilibrium calculations shows nearly no methane 

concentration at such high temperatures. For the energy balance within the 

gasifier, the detailed calculations are performed including total energy consump-

tion of the gasifier: 

 Energy required to heat water contents in the black liquor to evaporation 

temperature 

 Energy required to evaporate water to steam 

 Heating the steam to the gasifier temperature 

 Heating of the organic and inorganic contents of the black liquor to the 

gasifier temperature 

 Heating the required amount of oxygen (based on the relative oxidation) 

to the gasifier temperature 

 Heating the extra amount of oxygen required to increase the tempera-

ture to 800 °C of the reactor for enhancing TiO2 reaction (the DBLG 

system for SNG production in Paper V, VII, IX).   

It is important to note that the reaction rate of TiO2 for causticization is very slow 

at low temperatures and high pressures in the DBLG systems. Thus the bed solids 

at the bottom of the dry black liquor gasifier are reacted with extra amount of 

oxygen to increase the temperature to 800-850 °C and the pressure is reduced to 

atmospheric in a reactor. The CO2 is stripped off from the bed solids in the 

reactor.  

The black liquor gasification in all studied systems are assumed to operate at a 

low relative oxidation (27%) since the high relative oxidation lowers the synthesis 

gas quality without significantly improving the conversion of the residual carbon. 

The relative oxidation (Relox) is defined as following: 

Relox = the amount of O2 per kg BL divided by the amount of O2 needed for 100% 

oxidation of all organics using nearly pure oxygen 

3.3 System modeling of bio-fuel options 

The detailed configurations of the studied BLG islands and methods for the 

calculation of material and energy balances are presented in respective appended 

papers. The summarized assumptions and methods used for different bio-fuel 

alternatives are presented in later sections.  
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Table 2 Key input values to configure BLG island for DME and methane production 

       DME CH4  

Gasifier 
a
            Black liquor input tDS/h  70 70 

                            Pressure  bar  32 350  
                            Temperature  °C  950 600 
                            BLS to gasifier  %  100 100 
 
Gas cooler        Inlet temperature °C   211 180 
                           Outlet temperature °C  30 30 
 
Cleaned             Pressure  bar  30.5 21 
Syn-gas   
 
Synthesis           Pressure   bar  90  
Unit                    Temperature  °C  250  
a 

Berglin et al. (2002) 

3.3.1 DME production (Paper I) 

For DME synthesis, the energy calculations are performed for all process units 

involved in the integrated gasification island. The configuration includes Chemrec 

pressurized oxygen blown entrained flow black liquor gasifier, gas cooling and 

cleaning unit, synthesis gas conversion to DME, and DME purification.  

The data for gasifier performance (a chemical equilibrium model based on Gibbs 

energy minimization) and composition of the synthesis gas is taken from Ekbom 

et al. (2003). The air separation unit, synthesis gas cooling, acid gas removal and 

recovery, and DME synthesis unit are modelled using HYSYS simulator (Aspen 

HYSYS, 2007).  

3.3.2 CH4 production (Paper I) 

For CH4 production in the catalytic hydrothermal gasification, it is assumed that 

the black liquor will behave similar to wet biomass (moisture content > 70%) in 

supercritical water condition. The data for the composition of synthesis gas from 

wet biomass gasification from Luterbacher et al. (2009) is used. Since the catalytic 

hydrothermal gasifier (i.e. decomposition and methanation unit) itself is a CH4 

production unit, the input values for the synthesis unit are not reported.  

The combined key input values used for energy calculations of DME and CH4 

production in Paper I are listed in Table 2. 
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Table 3 Parameters used for BLG Island configuration for methanol production  

Gasifier 
CBLG system    Pressure                 bar 32 
     Temperature             °C 950 
 DBLG system    Pressure                 bar 1.01  
     Temperature            °C 720 
BLS to gasifier        % 100           
Synthesis gas at cooler outlet  Temperature   °C 30   
CO-shift reactor 

a
   High temperature shift  °C 350 

              Low temperature shift   °C 190 
MeOH synthesis   Pressure                  bar  90 
                Temperature                  °C 250 
a 

Hamelinck and Faaij, 2001
  

3.3.3 MeOH production (Paper III) 

Paper III compares methanol production from two potential candidates of black 

liquor gasification system i.e. (i) Chemrec BLG (CBLG) and (ii) dry BLG with direct 

causticization (DBLG). The integrated BLG systems comprise all units from black 

liquor conversion to MeOH production and a power boiler. The model includes 

Chemrec pressurized oxygen blown entrained flow black liquor gasifier (CBLG) and 

circulating fluidized bed gasifier (DBLG), the synthesis gas cooling and cleaning 

unit, CO-shift (only in the CBLG system) and synthesis gas conversion to MeOH.  

The data for energy calculations of air separation unit, synthesis gas cooling, CO-

shift and MeOH synthesis is taken from Paper I. The DBLG system uses data from 

simulations with polynoms (i.e. SIMCA) made from the pilot plant operations and 

physical relations. The composition of the synthesis gas in the DBLG system from 

the pilot plant operated at a relative oxidation of 27% is used. The parameters 

used are listed in Table 3.  

3.3.4 SNG production (Paper IV, V, VII)   

The synthetic natural gas (SNG) production is studied from the DBLG system using 

direct causticization. The configuration includes circulating fluidized bed (CFB) 

gasifier with TiO2 as bed material, the synthesis gas cooling and cleaning unit, 

catalytic methanation unit and the SNG upgrading (i.e. the Selexol process for CO2 

removal and a cryogenic nitrogen rejection system in the air blown DBLG system). 

The composition of the synthesis gas at gasifier outlet at equilibrium is used in the 

oxygen blown DBLG system.  
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Table 4 Summarized input parameters of the DBLG system for SNG production 

Gasifier 
DBLG (O2)   Pressure  bar 20   
    Temperature  °C 650 
DBLG (air)   Pressure  bar 1.01   
    Temperature  °C 720 
Reactor for causticization Pressure  bar 1.01   
    Temperature  °C 850  
Methanation unit  Temperature  °C  300  

 Pressure   bar 28   
Selexol process 

a 

Absorption column  Temperature  °C 30   
    Pressure  bar 40 

 CH4 loss  % 1 
 CO2 removal  % 98 

Nitrogen rejection  Temperature  °C -165 
a 

Dimethyl ether of polyethylene glycol (DMPEG) is used as solvent 

For SNG production, the gasification in the oxygen blown DBLG system i.e. termed 

as DBLG (O2), is performed at relatively low temperature (650 °C) to achieve 

considerable concentration of CH4 in the synthesis gas. Table 4 shows the key 

parameters used for the major units in the DBLG systems for SNG production. The 

synthesis gas composition in the air blown DBLG system, i.e. termed as DBLG (air), 

was measured by Dahlquist in a pilot plant operated in Vasteras (Dahlquist and 

Jones, 2005), on-line with respect to CO2, CO, H2 and CH4, while H2S was meas-

ured by extracting gas through a “Draeger tube” (Paper IV). The compositions of 

N2 and O2 were obtained from measurements of air flow rate and knowledge 

about “organic” oxygen content of the black liquor from chemical analysis. H2O 

content was calculated from condensate flow and temperature of the synthesis 

gas.  

3.3.5 Hydrogen production (Paper VI) 

In the DBLG system based hydrogen production, the composition of the synthesis 

gas containing mainly CO, H2, CO2, CH4, H2S, and H2O(g), from the gasifier (800 °C ; 

20 bar) at equilibrium is used (Dahlquist and Jones, 2005). The reactor for 

causticization is operated at 850 °C and atmospheric pressure. The detailed 

synthesis gas composition shown in paper VI helps to calculate the overall 

material and energy balances of the black liquor gasification island providing the 

synthesis gas composition, volumetric and mass flow rate of the synthesis gas, 

and the lower heating value of the synthesis gas at each important step of 

converting the synthesis gas to hydrogen. The input data is listed in Table 5. 
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Table 5 Input parameters of the DBLG system configuration for H2 production 

Gasifier 
DBLG (H2)   Pressure   bar 20  
    Temperature   °C  650  
    BLS to gasifier   % 100  
    Gasifying medium   Oxygen (27% Relox) 
Reactor for causticization Pressure   bar 1.01  
    Temperature   °C 850 
Synthesis gas cooling  Outlet temperature  °C 60 
CO-shift 

a
   High temperature shift  °C 350 

    Low temperature shift  °C 190 
Pressure swing adsorption 

b
 Pressure   bar 25 

    Temperature   °C 30 
    H2 purity   % 98  
    H2 loss    % 1 
a
 Hamelinck and Faaij, 2001 

b 
Cortes et al., 2009 

3.4 Assumptions and data used for the power boiler 

In the conventional black liquor recovery system, process steam and electricity 

are generated in a black liquor fired recovery boiler. In case of an integrated BLG 

system, a biomass power boiler is used to generate the steam required in the BLG 

island and also to meet steam demand of the reference pulp mill. Note that the 

total steam demand is primarily balanced between steam generation in the bio-

fuel production BLG island and the power boiler. Since the available falling bark at 

the pulp mill is not enough to generate the steam needed for the pulping and bio-

fuel production processes, additional fuel is combusted in the power boiler. The 

power boiler generates steam to balance the overall steam deficit for mill process 

use and also to meet internal net steam demand of the BLG Island. High pressure 

steam is produced where electricity is generated using back pressure steam 

turbine. 

The present study also compares two cases of fuel types in the power boiler to 

compensate total energy deficit: (See Figure 4) 

 Case I bio-fuel production with extra biomass import and combustion in 

the power boiler 

 Case II limited bio-fuel production without extra biomass import.  
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Figure 4 Fuel input to power boiler in compared cases 

In case II, the energy from produced bio-fuel is used to generate steam in the 

power boiler avoiding external biomass import. The idea of analyzing case II is to 

evaluate potential bio-fuel production with self sufficient bio-refinery system at 

the pulp mill reducing CO2 emissions connected to extra biomass cultivation and 

transportation to the mill. However, it is not feasible to utilize high value bio-fuel 

to generate steam and electricity but case II is used only for studying self-

sufficiency of the integrated BLG systems with the pulp mill. 

The steam system at the pulp mill and key parameters of the power boiler are 

summarized in Table 6 and Table 7. The steam turbine is working in back pressure 

mode producing both electricity and steam for pulping process. The boiler feed 

water is preheated with warm water from the synthesis gas cooling unit and the 

boiler efficiency is assumed to be 90% at full load.  

Table 6 Steam system at the reference pulp mill 

High-pressure     °C  545    
     bar  140  
Intermediate-pressure   °C  234    
     bar  30         
 Medium-pressure   °C   195    
     bar  12  
Process demand    tonnes/hr 67.6  
 
Low-pressure    °C   150    
     bar  4  
Process demand    tonnes/hr 110 
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Table 7 Key parameters of the power boiler 

Load    % 100 
Feed water temperature °C 160 
Steam pressure  bar 140 
Steam temperature  °C 545 
Boiler efficiency  % 90 

3.5 Methodology for analyzing sustainability aspects 

According to World Commission on Environment and Development (WCED), the 

sustainability is widely defined as ‘‘meeting the needs of the present without 

compromising the ability of next generations to meet their needs’’ (WCED report, 

1987). The term sustainability has a broad definition that not only includes 

reduction in environmental pollution and habitat conservation but also highlights 

economic and socio-cultural objectives. Traditionally, the sustainable develop-

ment focuses mainly on three pillars e.g. society, environment and economics. 

The evolution of the concept of sustainable development highlighted new 

components like policy and its linkages with institutions (Diaz-Chavez, 2003). To 

ensure the sustainable development, the concept and aim should improve the life 

quality of people with dual actions; increasing resources with decreasing depend-

encies.  

Since sustainability is defined in different ways, there are a number of methods 

exist to measure and assess sustainability to answer important basic questions 

related to social acceptance (i.e. how well issues in terms of healthy ecosystem, 

life quality, equity, progress of society etc are addressed), environmental impacts 

(i.e. if global environment system is affected by human activities have been 

scrutinized), and economic evaluation (i.e. the economic measures are adequate 

and acceptable). From a methodological perspective, a single methodology for 

conducting sustainability assessment is not sufficient but requires the use of a 

variety of analytical tools. According to the United Nations Economic Commission 

for Europe, the type of analytical tool used shall be specific to the type of sustain-

ability assessment. For example, Environmental Impact Assessment (EIA) could be 

used to identify a cause-effect chain like Life Cycle Assessment (LCA), Geographic 

Information Systems (GIS) or multi-criteria assessment tools. Other methodolo-

gies include environmental and social impact assessment (ESIA), health impact 

assessment (HIA) for sustainability assessment (Diaz-Chavez, 2011). 
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Figure 5 thematic approaches to analyze sustainability aspects of transport bio-fuel from 

black liquor gasification 

It is important to bridge linkages between economic, environmental and social 

issues considering active participation between stakeholders to understand 

sustainability aspects. The sustainable development considering a specific system 

could be assessed as a general concept using various sustainability indicators. In 

this study, more specific sustainability indicators related to different transport 

bio-fuel alternatives from black liquor gasification at modern pulp mills are 

presented to analyze, share and compare information based on technical, 

environmental, economical and social perspectives. 

The methodological approach considers an integration of these four sustainability 

indicators to better understand the influences and other related aspects (Figure 

5). The thematic approach presents potential drivers and addresses issues 

together as: 
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 Technology as if it justifies the motivation and objective to produce sig-

nificant amount of transport bio-fuels with enhanced energy efficiency of 

the proposed integrated BLG system. What are the technological limita-

tions that hinder sustainable commercialization of the system? 

 Environment as if potential impacts can contribute towards climate 

change mitigation reducing a significant amount of GHG emissions. Also 

if there are any negative consequences negating positive environmental 

impacts. 

 Economy as the productive measure linked to other aspects especially 

technology and society. 

 Society as if it considers basic demands to promote and elevate a better 

life quality without causing large interferences such as ease in availability 

of transport bio-fuels at affordable cost. 
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4. Process configurations 

This chapter briefly presents process configurations of studied bio-fuel alterna-

tives from different BLG systems. The detailed configurations are referred to 

respective appended papers. The major mass flows, based on the reference mill 

capacity, are shown in the figures whereas the detailed energy flows are pre-

sented in the chapter of results and discussions.  

4.1 CBLG based DME production 

DME production is studied from the CBLG system in Paper I. A systematic material 

flow model of the process with major input and output data is shown in Figure 6. 

Oxygen obtained from cryogenic air separation unit (ASU) with a high purity (>99 

vol %) is supplied as a gasifying medium to the gasifier.  The high temperature 

(950-1000 °C) in refractory lined gasifier enables high contents of H2 and CO in the 

synthesis gas (Larson et al., 2006). The green liquor is cooled from 200°C to 90°C 

and sent back to the pulp mill for cooking in the digestion unit. The heat of high 

temperature synthesis gas is recovered in the syn-gas cooling unit to produce 

medium and low pressure steam.  

For purification of the synthesis gas, the Rectisol process coupled with a CO-shift 

unit is used to remove sulfur components such as H2S. After purification, the 

cleaned gas is then adjusted in composition required for the DME synthesis in CO-

shift unit and finally CO2 formed in shift conversion is removed in the absorber 

unit. The cleaned and shifted gas is first compressed from 30 bar to 90 bar needed 

for DME synthesis loop. In the synthesis loop, the synthesis gas is converted into 

methanol and DME in a catalytic reactor. See the following reaction schemes for 

DME production: 

 

CO + 2H2 ↔ CH3OH     (5) 
CO2 + 3H2  ↔  CH3OH + H2O    (6) 
H2O + CO  ↔  CO2 + H2    (7) 
2CH3OH  ↔  CH3OCH3 + H2O   (8) 
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Figure 6 process flow diagram of DME production from the CBLG system integrated with 
the pulp mill (Paper I) 

The mixture is then condensed by refrigeration and sent to another reactor for 

conversion of methanol to DME. The crude DME is purified in the distillation 

column before being exported as a fuel. Being exothermic, DME synthesis 

releases a considerable amount of heat that is utilized to preheat boiler feed 

water (BFW) and generate low pressure steam for the DME distillation column. 

This decreases the net steam demand of the BLG unit and fuel consumption in the 

power boiler. Small amounts of combustible wastes from DME synthesis loop also 

contribute as supplementary fuel in the power boiler. 

4.2 CHG integrated methane production 

The weak black liquor from the digestion unit is directly introduced to the 

catalytic hydrothermal gasification (CHG) system well above the supercritical 

water conditions (600°C, 300 bar). Figure 7 shows a schematic flow model of the 

catalytic hydrothermal gasification (CHG) system for CH4 production. The hydro-

thermal gasification system consists of two major units; (i) decomposition unit 

(heat up phase), and (ii) catalytic reactor with salt separation. During the heat up 

phase, larger molecules in the biomass hydrolyze to form conyferyl alcohols which 

are degradation product of lignin (Elliot et al., 2004).  
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Figure 7 flow diagram of CH4 production from the CHG system integrated with the pulp mill  

(Paper I) 

The catalytic reactor is the actual methane synthesis unit where smaller organic 

molecules such as carboxylic acid, alcohols and aldehydes are converted to CH4, 

CO2, H2, and CO (Luterbacher et al., 2009). The tar formation is avoided due to the 

supercritical conditions and the presence of catalyst (Waldner and Vogel, 2005). 

See following reactions for carboxylic acid conversion to CH4 and CO2 production. 

CH3COOH       CH4 + CO2    (9) 
HCOOH           CO2 + H2    (10) 

The inorganics are separated before the catalytic reactor because this can 

deactivate the catalyst. In a salt separator, the inorganics present in black liquor 

precipitate and are recycled to the pulp mill. Peterson et al. (2005) examined the 

design of salt separator used for biomass conversion to synthesis gas but further 

research is required for black liquor. The application of catalysis in the reactor is 

mainly used to lower the desired gasification temperature to get high conversion. 

Savage et al. (1995) discussed the selection of suitable catalyst for methane 

production from organic waste streams at super critical conditions and proposed 

ruthenium and activated carbon derived from coconut shells. Waldner and Vogel 

(2005) suggested stabilized Raney Ni catalyst for wet biomass hydrothermal 

gasification. Following the catalytic methanation reactor, the methane upgrading 

is performed. For the purification of CH4, the Selexol process is used with polyeth-

ylene glycol dimethyl ether (DMPEG) as a solvent because the process is ideally 

suited for the bulk removal of CO2 from the synthesis gas. 
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 Figure 8 Process flow sheet of MeOH production via CBLG system (Paper III) 

4.3 Methanol production from CBLG and DBLG systems   

Methanol production using the CBLG system and the DBLG system is configured in 

Paper III (see Figure 8). The synthesis gas from the DBLG system with direct 

causticization has the required CO and H2 mole ratio for methanol synthesis that 

allows elimination of shift conversion unit in the BLG island (see Figure 9).  

The synthesis gas leaving the gasifier (i.e. either CBLG or DBLG systems) is 

saturated with water vapors representing a considerable amount of thermal 

energy that can be recovered to generate medium and low pressure steam. It is 

also important to remove fine particulates of alkali salts in the synthesis gas. To 

accomplish both operations, a combined gas cooling and particulate removal unit 

is used e.g. counter current condenser type of gas cooler (Berglin et al., 2002). A 

stream of cold methanol is used as the solvent to remove condensable tars like 

benzene, naphthalene and water and the solvent is regenerated by liquid-liquid 

extraction after dilution with water.  

To remove sulfur components in the synthesis gas, a new absorption system using 

sodium carbonate (Na2CO3) solution as solvent is used. The patent for absorption 

system has been applied by Dahlquist, Wallin, Simonsson, and Bengtsson 

(Dahlquist et al., 2010). The proposed system reduces steam and electricity 

demand associated with the Rectisol process which is generally used in previous 

studies. 
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 Figure 9 Process flow diagram of MeOH production via DBLG system (Paper III) 

In the absorption system, H2S is absorbed reacting immediately with Na2CO3 

solution in a selective way; while CO2 reacts very slowly. The designed absorption 

system provides 20 times more absorption of H2S than the absorption of CO2. 

After purification, about 50% of the cleaned synthesis gas from the CBLG system 

is then adjusted in composition in CO-shift unit using water gas shift reaction 

because the gas contains excess CO and too little H2 for methanol (MeOH) 

synthesis. See following reaction. The shifted gas stream is then mixed with 

remaining un-converted gas and sent to the MeOH synthesis loop.  

CO + H2O ↔ CO2 + H2   ΔH 300 = - 41.1 kJ/mol  (11)  

However, the synthesis gas from the DBLG system does not require shift conver-

sion which results in less net steam demand in the BLG Island as it contains more 

H2 than CO. The product gas is then compressed to about 90 bar required for the 

MeOH synthesis loop. The loop comprises of a single MeOH reactor and distilla-

tion section for purification. Following reactions takes place in MeOH reactor 

(Berglin et al., 2002): 

CO + 2H2   ↔   CH3OH  ΔH 300 = - 90.77 kJ/mol (12) 

CO2 + 3H2 ↔  CH3OH + H2O  ΔH 300 = - 49.16 kJ/mol (13) 
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Figure 10 Process flow diagram of SNG production via DBLG (air) system (Paper IV) 

Being exothermic, MeOH synthesis releases a considerable amount of heat which 

is utilized to preheat boiler feed water (BFW) and generate low pressure steam 

for the distillation section. This decreases the net steam demand of the BLG Island 

and fuel consumption in the power boiler. Small amounts of combustible wastes 

from MeOH synthesis loop also contribute as supplementary fuel in the power 

boiler that produces steam and electricity to meet heat demand of the pulp mill. 

4.4 DBLG system integrated SNG production 

SNG production from the DBLG systems (air or oxygen blown) consists of three 

major process steps, (i) circulating fluidized bed (CFB) gasification with direct 

causticization, (ii) methane synthesis, and (iii) gas upgrading. The schematic flow 

diagram of the SNG production from the DBLG (air) system and the DBLG (O2) 

system are shown in Figure 10 and Figure 11, respectively. A detailed comparison 

between air and oxygen blown dry BLG systems is presented in Paper IX.  

The synthesis gas is cooled, separated from particulates of alkali salts using a 

counter current condenser type of cooler, and H2S is removed in selective 

absorption system (discussed in section 4.3). The H2/CO ratio of the synthesis gas 

from both DBLG systems is about 3 required for the methanation process that 

eliminates water gas shift conversion unit. The cooled and cleaned synthesis gas is 

introduced to the catalytic methane synthesis section (methanation unit) at a 

pressure of 28 bar (Martin et al., 2010).  
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 Figure 11 Process flow diagram of the SNG production via DBLG (O2) system (Paper V) 

A nickel-based catalyst enhances the methane synthesis reaction, see following 

methane synthesis reactions (Meijden et al., 2010):  

CO + 3H2 ↔CH4 + H2O      ΔHr = -217 kJ/mol  (14) 

CO2 + 4H2 ↔ CH4 + 2H2O     ΔHr = -178 kJ/mol  (15) 

The methanation process is exothermic and a considerable amount of medium-

pressure steam could be generated. To achieve high methane yield and efficient 

performance of the methanation reactor, the heat of reaction must be removed 

since the methane synthesis reaction is favoured by low temperature. The 

temperature is controlled in successive adiabatic reactors with a recycle flow (e.g. 

Hygas or Lurgi) (Bair et al., 1975, Moeller et al., 1974). 

The SNG upgrading requires separation of water, CO2 and nitrogen (in case of the 

DBLG (air) system) from the product gas. From the process configuration, the 

DBLG (O2) system differs from the DBLG (air) system as the SNG upgrading does 

not require nitrogen rejection system in the DBLG (O2) system. The product gas is 

cooled to a temperature of 30 °C and the condensed water is separated. For CO2 

capture, various commercial gas separation technologies are available e.g. 

membrane gas separation, pressure swing adsorption, and physical absorption 

(Selexol process) etc. The physical absorption (Selexol process) system is used at 

high pressure (40 bar) and low temperature (30 °C) using dimethyl ether of 

polyethylene glycol (DMPEG) as a solvent.  
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Figure 12 Process flow sheet of hydrogen production with circulating fluidized bed gasifier 

with direct causticization (Paper VI) 

The physical absorption is ideal for the bulk removal of CO2 at moderate electric-

ity and steam demand (Rubin et al., 2007). In the DBLG (air) system, the nitrogen 

is a major contaminant in the product gas (about 39% vol) which is difficult to 

separate. It is unacceptable to use the SNG in the transport sector due to dilution 

with nitrogen. A cryogenic nitrogen rejection system separates nitrogen from the 

product gas to purify the synthetic natural gas (Lokhandwala et al., 1999). The 

nitrogen rejection system requires additional electricity that adds burden on total 

electricity demand of the DBLG (air) system for the synthetic natural gas produc-

tion.  

4.5 DBLG system integrated hydrogen production 

The gasifier in the DBLG system for hydrogen production is fed with nearly pure 

oxygen (about 99% concentration) as gasifying medium to avoid high concentra-

tion of nitrogen in the synthesis gas. For this reason, a simple cryogenic air 

separation unit is used. However, for commercial process this high quality oxygen 

is not required, but a cryogenic air separation unit is selected as the most com-

mon process for air separation used by majority of industries meaning that the 

real process can be cheaper and less complicated. 
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To make process energy efficient, the heat energy associated with the water 

vapour in the synthesis gas is recovered in counter current condenser type of gas 

cooler as combined gas cooling and particulate removal unit. The absorption 

system discussed in section 4.3 is used for H2S removal from the synthesis gas. 

The sulfur rich stream is recycled back to the pulp mill for re-use in the pulping 

process. After purification, cleaned synthesis gas is shifted in catalytic CO-shift 

unit using water gas shift reaction.  

To achieve high yield of hydrogen, the synthesis gas is shifted in two water gas 

CO-shift reactors i.e. high and low temperature shift converters (see Figure 12). In 

upgrading step to achieve high purity, hydrogen is separated from CO2 produced 

mainly from the CO-shift process. A number of commercial technologies for CO2 

capture are available e.g. membrane gas separation, pressure swing adsorption 

(PSA) or physical absorption (e.g. Selexol process).  The pressure swing adsorption 

is selected achieving more than 99% purity of hydrogen in this study.  The 

hydrogen yield is not much affected by purity level while the operating pressure 

ranges between 18-36 bars (Cortes et al., 2009).  
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5. Results and discussions 

The summarized results are aimed to investigate the energy conversion perform-

ance of potential bio-fuel production from dry black liquor gasification system and 

catalytic hydrothermal gasification system in comparison with the Chemrec 

gasification system. The chapter includes system performance indicators that are 

major drivers of converting a conventional pulp mill into a bio-refinery e.g. mass 

and energy balances for steam, electricity, and bark requirements, bio-fuel 

production potential, biomass to biofuel conversion efficiency, system energy 

ratios, on-site CO2 reduction potential, CO2 mitigation from bio-fuel use replacing 

fossil derived fuels, and potential motor fuel replacement. The performance 

indicators should give substantially better and competitive results of integrated 

black liquor gasification based bio-fuel production compared to the conventional 

black liquor recovery system for a successful implementation on large scale. The 

detailed results are presented and discussed in respective appended paper. In this 

chapter, the results are summarized and compared based on system performance 

indicators. 

5.1 Material and energy balances 

Material and energy balances determine the major energy flows in the integrated 

BLG systems e.g. net electricity import or export, net steam demand based on the 

reference mill capacity. In addition, the extra biomass import to compensate the 

energy withdrawn from black liquor to biofuel production is also estimated. The 

summarized energy flows of BLG systems are also compared with the conven-

tional recovery system with the recovery boiler. 

5.1.1 Electricity balance 

From the electricity perspective, the conventional recovery boiler system is 

substantially favoured when comparing with the BLG configurations. The com-

parisons are shown in Figure 13. The recovery boiler system has a potential to 

export 22 MW of electricity, after meeting mill electricity demand.  
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Figure 13 Summarized and compared electricity balance results of bio-fuel 

alternatives  

However, the BLG systems except the CHG system require compensating electric-

ity import. The incremental electricity shall require incremental biomass that 

increases the total biomass demand in the integrated BLG systems i.e. about 2.5 

MW of incremental biomass would be required to generate each MW of electric-

ity assuming 40% imported electricity efficiency (biomass).  

The CHG system is self sufficient in electricity demand but to make systems 

comparable, the CHG system still requires external electricity production (i.e. 21 

MW) to balance electricity export from the recovery boiler system. The oxygen 

blown DBLG (SNG) and DBLG (H2) systems require considerable electricity import, 

about 22 MW and 19 MW respectively. In total, about 44 MW and 41 MW of 

extra electricity shall be generated in the integrated DBLG (SNG) and DBLG (H2) 

systems respectively, combining net electricity import and potential electricity 

export from the reference mill system. However, the DBLG systems show better 

performance results than the CBLG systems where a total of about 48 MW (DME 

case) and 44 MW (MeOH case) of electricity must be produced externally to meet 

the internal electricity demand and to compensate the potential export from the 

reference mill. The electricity consumption in oxygen blown BLG systems, both 

the DBLG system and the CBLG system is significantly higher than the air blown 

DBLG systems primarily due to the air separation unit that is considered as a 

major electricity consumer in the BLG island.  
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Figure 14 Compared steam balances of bio-fuel alternatives  

5.1.2 Steam balance 

Figure 14 shows steam flows of the compared BLG systems. The steam demand of 

the reference mill remains approximately identical when integrated with either 

CBLG or DBLG systems. The mill steam consumption is significantly reduced due 

to elimination of the energy-intensive evaporation unit in the CHG system. The 

steam consumption in the evaporation unit accounts for about 37% of total pulp 

mill steam demand. However, the internal steam consumption of the CHG island 

is higher than the CBLG and the DBLG configurations due to substantially high 

heat load of the decomposition unit. This results in net steam deficit in the BLG 

island and adds extra burden on the power boiler to generate as much steam that 

is required in the BLG island and to meet pulp mill steam demand. 

The net steam production in the DBLG O2 (SNG) systems is higher than the DBLG 

(H2) system and the CBLG systems (both MeOH and DME case), mainly due to 

considerable amount of steam generation in the methanation unit. The CO-shift 

unit is a net steam consumer in hydrogen, methanol, and DME configurations 

resulting in high steam load on the power boiler. The comparative analysis of net 

steam load on the power boiler shows better performance results in the DBLG 

(H2) system, the DBLG (MeOH) system, and the CBLG (DME) systems compared to 

other studied BLG systems.  
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Figure 15 Bark balances and comparisons between bio-fuel alternatives 

If methanol production from the CBLG and the DBLG systems are compared, the 

net steam production in the CBLG island is about 20% higher than the DBLG island 

that causes more steam to be generated in the power boiler for later system with 

increased biomass import.  

5.1.3 Bark balance 

The bark balance plays a vital role in the integrated BLG systems since one of the 

major concerns in the integrated BLG systems is less biomass import leading to 

self sufficient pulp mill bio-refinery. The case II regarding produced biofuel 

combustion in the power boiler is not discussed since it does not require extra 

biomass import.  The bark balances are presented in Figure 15.  

About 40 MW of bark is available in the reference mill and a considerable amount 

of available bark is utilized in the lime kiln for causticization in the recovery boiler 

system (about 21 MW). There is an increased load on the lime kiln in the CBLG 

(MeOH and DME) system and the CHG system i.e. about 29.5 MW, as compared 

to the conventional recovery system. 
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Table 8 bio-fuel production potential and biomass to biofuel conversion efficiency of 
compared BLG systems 

    DBLG O2      DBLG air     DBLG       DBLG        CHG CBLG CBLG 
      (SNG)         (SNG)         (H2)       (MeOH)    (SNG)        (DME)  (MeOH) 

 
Case I 
Pulp production, ADt/day  1000          1000        1000       1000           1000        1000        1000 
Black liquor, LHV (MW)    243.5          243.5       243.5      243.5         243.5       243.5       243.5 
Bark import. LHV (MW)                 36.7          14.6         50.2        40.3           106.5        69.1          60.2 
Biofuel, (tonnes/day)                 280.3          110.4       101.3      226.9         423.5       396           585.6 
Biofuel, LHV (MW)  162.2          63.8         141.4      55.7           240.2        131.9       143.1 
Biofuel, GJ/ADt   14          5.5           12.2         4.8             20.7          11.4         12.4 
Conversion efficiency (%)                 58          25             48           20               68        42    47 
 
Case II 
Pulp production, ADt/day  1000          1000        1000       1000           1000        1000        1000 
Black liquor, LHV (MW)    243.5          243.5       243.5      243.5         243.5       243.5       243.5 
Bark import. LHV (MW)                 -          -                -               -                  -                 -                 - 
Bio-fuel, (tonnes/day)                 216.8          87.5        65.7         63.1           235.8        188.4       301.6 
Bio-fuel, LHV (MW)  125.5          49.2        91.2         15.4           133.7        62.8          83.1 
Biofuel, GJ/ADt   10.8          4.3           7.9          1.3              11.5           5.4            7.2 
Conversion efficiency (%)                 51          20           37            6                  56  26    34 

Energy content based on lower heating value (LHV) of fuels; black liquor (12.3 MJ/kg), bark (19.4 
MJ/kg), DME (28.8 MJ/kg), methanol (21.1 MJ/kg), methane (50 MJ/kg), hydrogen (120 MJ/kg) 
 

The comparative analysis of net bark import shows better results for the DBLG 

systems (using direct causticization) than the CHG and the CBLG systems due to 

elimination of the lime kiln. The DBLG (SNG) production requires relatively less 

bark import (about 0.2 MW of bark import per MW of biofuel) than other alterna-

tives i.e. about 0.36 MW of bark import per MW of H2 in the DBLG system, about 

0.42 MW of bark import per MW of methanol in the CBLG system, and about 0.52 

MW of bark import per MW of DME in the CBLG system. Despite advantages in 

terms of reduced pulp mill steam demand, the net bark demand in the CHG 

system is substantially higher than other BLG systems due to high power boiler 

steam load. 

5.2 Bio-fuel production potential and conversion efficiency 

To compare the BLG systems, the bio-refinery performance estimates in terms of 

Bio-fuel production potential and biomass to biofuel conversion efficiency are 

reported in Table 8. The biomass to biofuel conversion efficiency, can also be 

termed as fuel to product efficiency, demonstrates the system performance 

indicating competitiveness of integrated BLG systems compared to the conven-

tional pulp mill system (i.e. only internal steam and electricity demand of the 
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pulping process is met with no energy product output in existing pulp mill 

system). In addition, the two cases of fuel type in the power boiler are also 

compared. Recall that pulp mill’s steam demand is met by both BLG island and 

additional fuel combustion in the power boiler i.e. case I with extra biomass 

import and case II with produced bio-fuel combustion in the power boiler.  The 

results indicated that in case I, the bio-fuel production in all BLG systems is 

significantly higher than in case II but at a cost of additional biomass import.  

There is a large SNG production potential (about 20 GJ/ADt) in the CHG system 

but requires a substantial amount of extra biomass to compensate the total 

energy deficit. For each MW of the SNG production in the CHG system requires 

0.44 MW of extra biomass import other than existing falling bark at the mill. From 

a system perspective, a stand-alone SNG production from the gasification of extra 

biomass would be advantageous and efficient in terms of CO2 reductions than the 

integrated CHG system. In case of the DBLG O2 (SNG) system, the bio-fuel produc-

tion potential in relation with biomass import is higher than all other BLG 

configurations i.e. about 0.2 MW of extra biomass other than the existing bark at 

the mill is required for each MW of the SNG produced. The DBLG (H2) and the 

CBLG (MeOH) systems are still competitive and show considerable biofuel 

production potential and high conversion efficiency.  

The case II without external biomass import still results in a substantial bio-fuel 

production potential. The conversion efficiency is however significantly reduced in 

the CBLG (MeOH and DME) and the CHG (SNG) systems as compared to the DBLG 

systems due to large fuel demand in the power boiler. The CHG (SNG) is favoured 

among other biofuel alternatives in case II as self-sufficient integrated bio-refinery 

system at the pulp mill. The related studies on catalytic hydrothermal gasification 

systems for direct SNG production show similar results that part of produced SNG 

is used to satisfy the heating load of the process (Luterbacher et al., 2009). The 

higher biomass to SNG in the CHG system is mainly due to high carbon conversion 

at supercritical water conditions (Sricharoenchaikul, 2009).  

In addition, the biomass to biofuel conversion efficiencies of the studied BLG 

systems (the configurations with better conversion efficiencies) are compared 

with previous studies of biofuel production with Chemrec BLG system e.g. (i) 

hydrogen production, termed as Chemrec H2 (Andersson and Harvey, 2006), and 

(ii) MeOH production, termed as Chemrec MeOH (Ekbom et al., 2003). Figure 16 

shows the comparison of biomass to biofuel conversion efficiencies of various 

biofuel alternatives from different BLG systems. 
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 Figure 16 Comparisons of Biomass to biofuel conversion efficiencies of biofuel alternatives  

The data from previous studies is scaled to the reference mill capacity used in this 

study. The comparison shows that the extra biomass dependence (the difference 

in conversion efficiencies in case I and case II) is significantly higher in the CHG 

system and the Chemrec BLG systems for respective bio-fuel production as 

compared to the DBLG systems. 

5.3 Energy ratios 

Energy ratio is considered as a major system performance indicator since the 

parameter includes all major energy streams and presents an extensive overview 

of the studied BLG systems. The energy ratio is defined as: 

                                                     (16) 

 
Useful outputs = Mill process steam (MW) + Net electricity import or export (MW) + fuel 
produced (MW) 
Total inputs = Black liquor input (MW) + Bark to lime kiln (MW) + bark to power boiler 
(MW) 

The compared energy ratios in case I and case II are presented in Table 9 and 

Table 10 respectively.  The energy content of different fuels is based on the lower 

heating values. Note that the energy ratios are higher in case I as compared to 

case II.  
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Table 9 Process energy ratios of bio-fuel alternatives (Case I)  

    DBLG O2      DBLG air     DBLG       DBLG        CHG CBLG CBLG 
      (SNG)         (SNG)         (H2)       (MeOH)    (SNG)        (DME)  (MeOH) 

Inputs 
Black liquor, (MW)    243.5          243.5       243.5      243.5         243.5       243.5       243.5 
Bark to power boiler, (MW) 77.2          55.1          90.7        80.8           117.4       79.9         70.8 
Bark to lime kiln, (MW)  -          -                 -               -                 29.7         29.7   29.7 
Total inputs, (MW)  320.7          298.6        334.2      324.3         390.5       353.1   344 
 
Outputs 
Mill process steam, (MW)  125           125           125          125            78.4   125          125          
Electricity, (MW)   -21.8           -14.7         -19.1       -8.4             1.1   -26.2    -22.2 
Bio-fuel produced, (MW)  162.2            63.8         141.4        55.7   240.2    131.9    143 
Total outputs, (MW)  265.4             174.1       247.3        172.3        319.7       230.7   245.8 
 
Process energy ratio                  0.82             0.58          0.74         0.53   0.81    0.65   0.71 

 

The SNG production in the oxygen-blown DBLG system and the CHG system 

shows higher energy ratios (i.e. about 11% - points higher energy ratio) than the 

DBLG (H2) and the CBLG (MeOH and DME) systems. The better performance 

results are due to large amount of biofuel production potential in relation with 

bark requirements (i.e. combined use in the lime kiln and the power boiler). The 

DBLG (H2) system and the CBLG (MeOH) system are still competitive with high 

energy ratios i.e. 0.74 and 0.71, respectively. The increased bark demand in the 

CBLG systems result in about 10% higher total energy inputs than the DBLG 

systems. 

 

Table 10 Process energy ratios of bio-fuel alternatives (Case II)  

    DBLG O2      DBLG air     DBLG       DBLG        CHG CBLG CBLG 
      (SNG)         (SNG)         (H2)       (MeOH)    (SNG)        (DME)  (MeOH) 

Inputs 
Black liquor, (MW)    243.5          243.5       243.5      243.5         243.5       243.5       243.5 
bark to power boiler, (MW) 40.5          40.5          40.5        40.5           10.8         10.8         10.8 
Bark to lime kiln, (MW)  -          -                 -               -                 29.7         29.7   29.7 
Total inputs, (MW)  284          284           284          284            284          284   284 
 
Outputs 
Mill process steam, (MW)  125           125           125          125            78.4   125          125          
Electricity a, (MW)  -21.8           -14.7         -19.1       -8.4            1.1   -26.2    -22.2 
Bio-fuel produced, (MW)  125.5           49.2          91.2         15.4  133.7    62.9     83 
Total outputs, (MW)  228.7            159.5        197.1        132          213.2       161.7   185.8 
 
Process energy ratio                  0.80             0.56          0.69         0.47   0.75    0.57   0.65 
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Figure 17 Comparisons of system energy ratios of different BLG configurations 

The total energy inputs in case II are identical since the existing bark at the mill 

site is utilized without any extra biomass import. It is interesting to analyse that 

the energy ratios are considerably reduced in case II of the CHG (SNG) and the 

CBLG (MeOH and DME) systems as compared to the DBLG (SNG and H2) systems 

due to large dependence on the extra biomass requirement in the BLG island. 

Figure 17 presents and compares studied systems with better energy ratios with 

previous studies based on the Chemrec BLG system, (i) hydrogen production, 

termed as Chemrec H2 (Andersson and Harvey, 2006), and (ii) MeOH production, 

termed as Chemrec MeOH (Ekbom et al., 2003). 

5.4 CO2 mitigation 

The results of CO2 mitigation combine on-site CO2 capture potential and CO2 

offset from various biofuel options replacing fossil-based fuels. Figure 18 com-

pares combined CO2 mitigation results based on the reference mill capacity. 

Hydrogen production from the Chemrec system and the DBLG system show large 

CO2 mitigation potential than other BLG configurations. This is mainly due to 

integrating on-site CO2 capture technology to separate CO2 from the product gas, 

i.e. the CO-shift conversion results in significant concentration of CO2 in the 

product gas that must be separated from hydrogen in the cleaning process. 

Following sections briefly discuss and presents results of on-site CO2 capture and 

CO2 offset from biofuel use.  
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Figure 18 Potential CO2 mitigation combining on-site CO2 capture and CO2 offset of 
compared systems 

5.4.1 On-site CO2 reductions using CO2 capture 

By using CO2 capture technologies integrated with various bio-fuel production 

routes, a substantial amount of CO2 can be captured. The CO2 capture technolo-

gies are still in the research phase and the study only estimates possible on-site 

CO2 reductions.  

 
Table 11 Potential on-site CO2 offset based on black liquor solids (BLS) availability in 2008 

 Ref. mill Sweden Europe World 

     
BLS availabilitya, Mtonnes/yearb 0.6 14.1 55.2 220 
     
DBLG O2 (SNG)     
Fuel production, Mtonnes/year 0.1 2.4 9.4 37.4 
CO2 on-site savings, Mtonnes/year 0.43 10.1 39.2 156.2 
     

DBLG air (SNG)     

Fuel production, Mtonnes/year 0.04 0.96 3.68 14.7 
CO2 on-site savings, Mtonnes/year 0.18 4.3 16.6 66.1 
     
DBLG (H2)     
Fuel production, Mtonnes/year 0.03 0.71 2.76 11.2 
CO2 on-site savings, Mtonnes/year 0.54 12.7 49.7 198.1 
     
CHG (SNG)     
Fuel production, Mtonnes/year 0.15 3.6 13.8 55 
CO2 on-site savings, Mtonnes/year 0.31 7.48 29.1 115.8 
a Based on the Food and Agriculture Organization (FAO) data base 2008 (FAO, 2008) 
bMtonnes/year= 106 tonnes/year 
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The CO2 emissions associated with upstream processes i.e. additional biomass 

cultivation and transport to mill’s site (only in case I studies), and electricity 

import (in both case I and case II studies) are not included in the scope of this 

study. There is a potential to capture on-site CO2 from methanol and DME 

production in the CBLG system and the DBLG system. However in present study, 

the on-site CO2 capture potential is estimated for such bio-fuel alternatives where 

CO2 separation from the product gas is integral process of biofuel production. The 

theoretical annual on-site CO2 reductions from studied biofuel options based on 

black liquor availability in the reference mill case, Sweden, Europe and World is 

reported in Table 11. Note that the scale up is used as a scenario to estimate 

theoretical CO2 reductions if all recovery boilers would be replaced with the BLG 

system and all available black liquor would be used to produce biofuel. The pulp 

mills with different energy balances will result in different on-site CO2 reductions 

and CO2 savings replacing fossil fuels. 

The DBLG system offers significant incentives in terms of potential on-site CO2 

savings especially in the hydrogen and SNG production systems. During the 

biofuel upgrading step, the pressure swing adsorption (in the hydrogen case) and 

the Selexol process (in the SNG case), a part of the biomass carbon is captured as 

CO2. The captured CO2 could be stored to make the system CO2 negative as CO2 

emissions associated with biomass usage are assumed to be re-absorbed photo-

synthetically by biomass growth. The comparative analysis shows larger on-site 

CO2 capture potential in the DBLG (H2) system than other studied systems. 

Moreover, the CHG (SNG) system shows significant CO2 capture potential due to 

hydrothermal gasification process, where the organics in the black liquor are 

gasified mainly into CH4 and CO2. 

5.4.2 CO2 mitigation from bio-fuel use 

The bio-fuel produced in all studied BLG systems is considered CO2 neutral. In 

addition to on-site CO2 reduction, the potential of CO2 emission offset based on 

bio-fuels use replacing fossil fuels is also calculated.  It is assumed that fossil 

diesel, natural gas and gasoline are replaced with BLG produced DME, SNG, 

hydrogen and methanol respectively.  

Since, the fuels are replaced by biofuels on the energy basis, the same engine 

efficiency is assumed. For each tonne of DME and methanol produced, about 1.9 

and 1.5 tonnes of CO2 could be saved respectively. About 0.05 kg of CO2 could be 

saved for each mega joule of SNG. For hydrogen, the produced fuel is assumed to 

be used in fuel cell vehicle replacing gasoline used in the conventional combustion 
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engine. The specific energy consumption of hydrogen in fuel cell vehicle is 0.84 MJ 

per kilometre as compared to 2.24 MJ per kilometre of gasoline in combustion 

engine (Well-To-Wheel report, 2007). The gasoline combustion of 0.075 litres per 

kilometre is assumed.  

Table 12 shows the theoretical possible CO2 reductions from potential bio-fuel 

production per year based on black liquor availability in the reference mill system, 

Sweden, Europe and world. Based on the black liquor availability, substantial 

reductions of CO2 emissions could be achieved if SNG from the CHG system and 

hydrogen from the DBLG system replace natural gas and gasoline respectively. In 

addition, methanol and DME offer competitive CO2 reductions compared to DBLG 

systems. 

Table 12 Potential CO2 reductions from bio-fuels replacing fossil fuels based on black liquor 
solids availability in 2008 

 Ref. mill Sweden Europe World 

BLS availabilitya, Mtonnes BLS/year 0.60 14.1 55.2 220 

DBLG O2 (SNG)     

Fuel production, Mtonnes/year 0.1 2.4 9.4 37.4 

CO2 reductions, Mtonnes/year 0.26 6.1 23.7 94.6 

DBLG air (SNG)     

Fuel production, Mtonnes/year 0.04 0.96 3.7 14.7 

CO2 reductions, Mtonnes/year 0.098 2.4 9.2 36.8 

DBLG (H2)     

Fuel production, Mtonnes/year 0.03 0.71 2.76 11.2 

CO2 reductions, Mtonnes/year 0.33 7.76 30.4 121 

DBLG (MeOH)     

Fuel production, Mtonnes/year 0.08 1.92 7.5 29.7 

CO2 reductions, Mtonnes/year 0.12 2.9 11.3 45 

CHG system     

Fuel production, Mtonnes/year 0.15 3.6 13.8 55 

CO2 reductions, Mtonnes/year 0.37 8.8 34.5 137.5 

CBLG (DME)      

Fuel production, Mtonnes/year 0.14 3.3 12.9 51.2 

CO2 reductions, Mtonnes/year 0.28 6.7 25.8 104.5 

CBLG (MeOH)     

Fuel production, Mtonnes/year 0.21 5.04 19.3 77.1 

CO2 reductions, Mtonnes/year 0.32 7.6 29.2 116.8 
a Based on the Food and Agriculture Organization (FAO) data base (FAO, 2008)  
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5.5 Potential motor fuel replacement 

From the material and energy balances, production potential of bio-fuel alterna-

tives from different BLG integrations has been calculated based on black liquor 

availability. The results are scaled up to estimate bio-fuel production potential 

replacing fossil based fuels in the transportation sector. In addition, the potential 

replacement of motor fuels in Sweden, Europe and World has also been esti-

mated. The black liquor produced during 2008 in Sweden, Europe, and World is 

estimated about 47 TWh, 184 TWh, and 733 TWh respectively (FAOSTAT, 2008). 

See Table 13.  

The motor fuel consumption is the total gasoline and diesel consumption in the 

transport sector. The results indicate that the motor fuel replacement in countries 

with large pulp and paper industry e.g. Sweden, is considerably high due to large 

availability of black liquor and considerable biofuel production potential that 

could replace motor gasoline and motor diesel in the transport sector. It is 

important to mention that a substantial amount of additional biomass to com-

pensate total energy deficit must be imported in all BLG configured systems. The 

distribution of synthetic natural gas and DME requires more energy than distribu-

tion of methanol as fossil fuel replacement. The consequences related to biofuel 

distribution and biofuel use as transport fuel are discussed in section 6.2.4.  
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Table 13 Potential fossil motor fuel replacement from annual produced bio-fuel based on 
black liquor solids availability in 2008  

  Sweden Europe World 

Black liquor availabilitya TWh 47 184 733 

Motor fuel consumptionb TWh 84 3910 17633 

DBLG O2 (SNG)     

Fuel production TWh 31.3 122.5 488.7 
 

Motor fuel replacement % 37.2 3.1 2.8 

DBLG air (SNG)     

Fuel production TWh 12.7 50.1 200.1 

Motor fuel replacement % 15.1 1.3 1.1 

DBLG (H2)     

Fuel production TWh 27.4 107.1 427.3 

Motor fuel replacement % 32.6 2.7 2.4 

DBLG (MeOH)     

Fuel production TWh 10.8 43.7 174.1 

Motor fuel replacement % 12.9 1.1 0.9 

CHG system     

Fuel production TWh 46.9 181.7 725.7 
 

Motor fuel replacement % 55.8 4.6 4.1 

CBLG (DME)     

Fuel production TWh 26 101.4 402.4 

Motor fuel replacement % 30.9 2.6 2.3 

CBLG (MeOH)     

Fuel production TWh 28.4 113.2 451.9 

Motor fuel replacement % 33.8 2.9 2.6 
a Based on the Food and Agriculture Organization (FAO) data base (FAO, 2008) 
b Motor fuel consumption combines gasoline and diesel as transport fuel. Data taken from Earth 
Trends: Environmental information (Earth trends, 2008) 
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6. Discussion on research knowledge gaps and 
Sustainability aspects 

The purpose of this chapter is twofold. Firstly to highlight some research knowl-

edge gaps and R&D required to address issues related to black liquor gasification 

based bio-fuel production. Secondly, system analysis of major sustainability 

aspects such as technical, environmental, economical, and social indicators are 

briefly discussed identifying advantages and consequences of integrated black 

liquor gasification with the pulp mills for transport bio-fuel production. The 

discussion on technical performance, environmental impacts and social ac-

ceptance are based on results from present study. For economic evaluation, a 

number of other studies on economic assessment of black liquor gasification for 

bio-fuel production have been cited. The chapter ends with discussion on future 

research work recommendations. 

6.1 R&D to fill research knowledge gaps 

6.1.1 Impacts on black liquor recovery cycle 

For successful integration of BLG technology, a thorough understanding of various 

possibilities and issues with existing pulp mill’s chemical recovery system is 

substantial. In a conventional chemical recovery cycle of a pulp mill with a 

recovery boiler, all the sulfur in the black liquor is recycled as sodium sulfide 

(Na2S) which is dissolved in water to form NaHS and NaOH. However, in case of 

pressurized CBLG system, a major part of sulfur in black liquor will be recycled as 

H2S and only 45% of the incoming sulfur is converted to Na2S. This results in lower 

concentration of NaOH in the green liquor from the pressurized Chemrec gasifier 

than in green liquor from the recovery boiler. This must be compensated by 

adding more NaOH to the green liquor to form white liquor. This is internally done 

in the pulp mill in the causticizing unit i.e. burnt lime (CaO) is added to the green 

liquor reducing Na2CO3 to NaOH as CaO oxidized to limestone (CaCO3). The lime 

stone is then reburned to lime in the lime kiln which is fired with bark. The 

integration of pressurized CBLG system increases causticizing need to about 23%. 
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With the DBLG process approximately 65% of the sulfur is forming H2S and goes 

with the gas phase. It is then recovered with a mixture of NaOH and Na2CO3 at pH 

10.5, where a selective absorption of H2S can be achieved in relation to CO2, and 

thus a strong NaHS phase formed (1 molar). When the direct causticization is 

used, no lime kiln at all is needed, and thus no extra load is pressed on the lime 

kiln. When the sodium oxide titanate is leached in water, NaOH is directly formed, 

and thus a separation is made between NaOH and NaHS, which enables modified 

cooking (Mao and Hartler 1995, Hakanen and Teder 1997). 

The integration of the CHG system with the pulp mill offers significant advantages 

due to elimination of the most energy intensive evaporation unit that accounts 

for nearly 37% of total steam demand of the pulp mill. However, the anticipated 

design of the CHG system is complex and requires high energy demand meaning 

that the energy demand is moved from the mill to the gasification island. This 

novel process shall be further studied to assess the feasibility for optimum 

operation. 

6.1.2 Appropriate conversion technologies 

A critical aspect of BLG systems is the selection of appropriate conversion 

technologies for producing fuels, electricity and chemicals from the synthesis gas. 

The preferred choice between these options as the final end product is partly a 

strategic decision of the host pulp mill to implement BLG technology replacing 

conventional recovery cycle and partly an economic optimization. The develop-

ment of an economic model of the pulp mill based bio-refinery will help to 

evaluate conditions leading to the most economical balance between production 

of electricity and the manufacture of automotive fuels and chemicals.  

The other major potential impacts that should be considered when selecting 

appropriate black liquor conversion technology include pulp yield, synthesis gas 

treatment and green liquor processing. These issues can be resolved by determin-

ing the best approaches and advanced pulping technologies. Best available 

techniques must be demonstrated for the synthesis gas cleanup and conditioning 

reducing tar concentrations to acceptable levels.  Further research and develop-

ment is needed to characterize BLG green liquor and addressing any quality 

concerns. 
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6.1.3 Market opportunities for bio-fuels 

The results from studied BLG systems are used to identify suitable renewable 

fuels that can be produced from the synthesis gas in the most efficient way. There 

is need for effective separation techniques of products available at the pulp mill 

based bio-refinery and market opportunities for energy products e.g. dimethyl 

ether (DME), synthetic natural gas, methanol, and hydrogen etc. BLG produced 

DME can be used as substitutes for diesel fuel for urban centrally-fuelled bus 

fleets. Methanol (MeOH) has potential to be used as a chemical intermediate or 

as an automotive fuel in spark ignition, or Otto-cycle, engines. The natural gas 

used in large power sector can be replaced with synthetic natural gas. Moreover, 

synthetic natural gas can be compressed in the form of compressed natural gas 

(CNG) that can be used in gasoline engines. Another option is hydrogen that is 

mentioned as the fuel of the future because the only emission from hydrogen 

combustion is water. With the development of fuel cells, hydrogen is expected to 

be widely used as a transportation fuel and in stationary CHP units.  

Since, the infrastructure of such bio-fuels for distribution is not yet widely 

developed; these fuels can be used as intermediates and additives. In this way, it 

is important to identify integration opportunities for such conversion technologies 

with other industries e.g. hydrogen production from BLG can possibly integrate a 

pulp mill with an ammonia plant where steam reforming of natural gas is per-

formed to produce hydrogen. As the development of BLG systems is pushed 

forward in parallel, there is a significant probability that it can actually reduce the 

demand to avoid the need for extra bark to produce steam. Then the equation 

will be very positive.  

6.1.4 Pulp mill integration 

For a successful implementation of black liquor gasification technology on 

commercial scale, the integration of a small scale BLG system to show stable plant 

operation is adequate. The reliability and performance of BLG demonstration 

plants should be focussed as initial steps towards commercialization and integra-

tion with existing or new market pulp mills. The black liquor gasification 

technology is under development and a number of pilot scale plants are opera-

tional e.g. (i) Weyerhaeuser’s 300 tonnes/day low pressure and entrained flow 

black liquor gasifier in New Bern, (ii) Georgia- Pacific’s fluidized bed black liquor 

gasifier with a capacity of 200 tonnes/day in Virginia, (iii) Norampac’s steam 

reformer with a capacity of 100 tonnes/day of black liquor in Trenton, Ontario. 
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A major development in recent years is the installation of oxygen-blown, pressur-

ized Chemrec black liquor gasifier in Piteå, Sweden. The pilot plant handles 20 

metric tonnes BLS/day on fully continuous basis and has an operating pressure of 

30 bar. The Chemrec pilot plant has reached 10,000 operating hours of producing 

green synthesis gas in 2009 (Chemrec, 2009). The synthesis gas is used to produce 

DME that is provided to trucks designed by Volvo. The trucks are adjusted for 

operation on DME for test operations. The results from the pilot plant are being 

used in development of full commercial size gasifier for 500 metric tonnes of 

BLS/day.  

The small scale demonstration plants of the dry BLG systems integrated with the 

mills could be advantageous especially in pulp mills without the recovery boilers. 

In Pakistan, most of the chemical pulp mills use effluent treatment plant to 

convert black liquor into an environmentally friendly waste product (Ikram et al., 

2007). The chemical pulp mills in Pakistan could be encouraged to use black liquor 

as an energy resource reducing total energy demand of the mill and the stable 

BLG operation would lead to a successful large scale implementation.          

6.2 Sustainability aspects 

Sustainability needs multi-dimensional indicators to mirror the connections 

between community’s environment, society, and economy. Sustainability indica-

tors provide a guideline to understand the benefits and risks of bio-fuel 

production pointing the strong and weak areas that links environment, economy, 

and society. First they help to identify the problem areas and then show solutions 

to fix those issues. A large number of direct or in-direct indicators could identify 

the sustainable aspects of bio-fuel production e.g. well-to-wheel greenhouse gas 

emission reduction, energy balances, bio-fuels vs. food security, no negative 

impacts on biodiversity, and economy etc. This section presents specific sustain-

ability indicators to highlight if integrated BLG technology for bio-fuels is 

sustainable in terms of technical performance, economic evaluation, environ-

mental impacts, and social acceptance of bio-fuels. These indicators identify both 

the strengths and the weaknesses of proposed integration of the BLG technology 

for transport bio-fuel production. 

6.2.1 Technical performance 

From a system perspective, a modern and technologically advanced pulp mill will 

have an excess of internal biomass. The additional advantages could be achieved 
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if black liquor gasification is integrated with the pulp mill i.e. bio-fuel production 

and enhanced energy efficiency. The enhancement in system energy efficiency 

demonstrates a step towards sustainable development. The integrated bio-fuel 

production offers significant improvements in efficiency of the overall energy 

system of the pulp mill as compared to the conventional recovery boiler system. 

In addition, transport bio-fuel production using the BLG technology shows 

substantial motor fuel replacement potential especially in countries with large 

pulp and paper industry e.g. Sweden (see Table 13).  

Despite positive technical performance, a thorough understanding of different 

issues related to successful BLG integration is vital. One of the issues related with 

possible BLG integration is increased load on lime kiln for causticization in the 

chemical recovery cycle especially in the Chemrec BLG system resulting extra 

biomass utilization. However, the dry BLG (DBLG) system offers solution to this 

problem using direct causticization within the gasifier that eliminates use of the 

energy-intensive lime kiln. Due to increased internal biomass demand, extra 

biomass is required to produce bio-fuels from integrated BLG process to compen-

sate the energy deficit to run the pulp mill operations. This adds burden on 

upstream processes e.g. 

 Biomass cultivation 

 Forest management 

 Biomass transportation to mill’s site.  

The increased biomass usage will raise a critical issue for future biomass supply as 

it will affect technical, environment, and economic factors. Moreover, the extra 

biomass use with limited production will result in less availability of this resource 

to other processes of the system. Being a limited resource, biomass must be used 

as efficient as possible since the climate change problem cannot be solved only 

replacing fossil fuels with biomass resource. 

Another system consequence will be net electricity deficit if BLG is integrated for 

bio-fuel production. In conventional recovery boiler system, there is a potential to 

export electricity after meeting internal electricity demand of the pulp mill. 

However, each bio-fuel production alternatives require a considerable amount of 

electricity to be imported from the grid. One opportunity, to compensate both 

electricity import and the amount electricity that is exported by the conventional 

recovery boiler case, is electricity generation in a biomass power boiler. For 
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transparent system analysis, the extra biomass used for electricity production 

should be considered in overall material and energy balance calculations.  

6.2.2 Economic evaluation 

The economic evaluation is an integral aspect of sustainability that includes 

capital investment and operating costs, future trends regarding fuel and energy 

prices, biomass availability, and the pulp mill’s infrastructure. Ekbom et al (2005) 

studied economics of integrated BLG for motor fuel production (methanol and 

DME) in Swedish and European Union context based on additional investment 

cost with incremental production cost. The approach helps to choose between 

investment in the conventional recovery boiler technology or in a new gasification 

technology for motor fuel production. The potential revenues were estimated in 

terms of fuel selling price at the pulp mill gate assuming identical cost for the 

consumer i.e. methanol price similar to gasoline and dimethyl ether (DME) price 

similar to diesel. The estimated internal rate of return (IRR) considering invest-

ment and operating cost of the BLG for motor fuel production (methanol and 

DME in this case) is shown in Table 14.   

Table 14 Estimate internal rate of return (IRR) and payback time (Ekbom et al., 2005) 

        Methanol DME 

Additional investment cost 
a
  million Euro  174  190 

Total incremental operation cost million Euro/year 66.3  66.1 
Production capacity 

b 
  million m

3
/year  0.26  0.24 

Cost of production 
c
   Euro/liter  0.26  0.27 

Selling fuel price   Euro/liter  0.51  0.62 
Profit     Euro/litre  0.25  0.35 
Profit     million Euro/year 66.5  82.3 
Payback     years   2.6  2.9 
Internal rate of return (IRR)  %   40  45 
a The recovery boiler requires total investment = 171 million Euro   

b production capacity equivalent to gasoline and diesel in m3   

c Annuity factor (%) = 11.1 
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Figure 19 Estimated internal rate of return (IRR) of different bio-refinery configurations
1
 

(Consonni et al., 2009) 

The study concluded that the economics of the pulp mill would be less sensitive to 

pulp and paper prices since the overall economics will be diversified due to co-

production of motor fuels together with pulp and paper products. In addition, the 

capital investment of the BLG plant would be shared between the chemical 

recovery, total steam production and synthesis gas energy output. In another 

study, Consonni et al. (2009) performed detailed financial analysis of seven bio-

refinery process configurations in comparison with a new Tomlinson recovery 

boiler system in United States context. The study showed potential of attractive 

internal rate of return (IRR) if black liquor gasification based bio-refineries would 

be commercialized. Figure 19 shows internal rate of return (IRR) results estimated 

for various bio-refinery options.  The two studies show different IRR results e.g. 

DME case due to different market scenarios. 

Despite a number of drivers, certain crucial economic issues must be resolved for 

sustainable commercialization of transport bio-fuel from the BLG technology such 

as: 

                                                                 

1
 BLGCC (black liquor gasification combined cycle, DME (production of DME without gas turbine and 

the extra steam required to meet the mill’s demand is generated in the power boiler), FT (Fischer-

Tropsch liquid), MA (mixed-alcohols) 
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 Incremental cost of bio-fuel production since the cost of biomass feed-

stocks is considerably higher than the fossil-based fuels.  

 The bio-fuel distribution infrastructure is another area of concern for sus-

tainable transport bio-fuels. This aspect is a particular problem for 

gaseous fuels (e.g. DME, compressed natural gas (CNG), H2 gas) but less 

challenging for liquid fuels (e.g. methanol, bio-diesel). 

 Incremental cost of fuel-flexible vehicles especially diesel engines 

adapted to gaseous fuels.  

 High cost of fuel cell vehicles e.g. using hydrogen fuel cells, but it is diffi-

cult to predict if the overall economics of fuel cell vehicles would be 

more competitive than vehicles fuelled with other transport bio-fuels. 

 Moreover, economical risks would be high in terms of poor operational 

reliability and absence of technical guarantees from technology suppli-

ers. 

6.2.3 Environmental impacts 

The bio-fuel production from the BLG system extends the opportunities for global 

CO2 reductions. But certain environmental risk exists resulting in negative impacts 

due to increased demand of biomass and the associated CO2 emissions. Despite 

the potential CO2 reductions from end fuel use, the increased demand of biomass 

to balance the overall energy demand of the pulp mill can directly or indirectly 

negate CO2 savings due to CO2 emissions resulting from upstream processes. Such 

as: 

 On-site fossil fuel CO2 emissions 

 Emissions from purchased electricity to cover electricity deficit in the in-

tegrated pulp mill with bio-fuel production if electricity is generated in 

fossil fuel based power plants.  

 Fossil fuel emissions associated with extra biomass cultivation and trans-

portation to the pulp mill.  

6.2.4 Social acceptance 

Social acceptance is another salient aspect of sustainable development to 

consider in case of bio-fuels and their production technologies. The term bio-fuel 

is not new but still a broad public conception is not fully developed yet. A number 

of socio-indicators could be advantageous to measure public willingness towards 

bio-fuels such as views towards climate change, energy security, food security, 
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safety and socio-economic concerns. The current study aimed to analyze social 

acceptances of bio-fuels in terms of issues like fuel flexibility, availability, safety, 

bio-fuel distribution, affordability and fuel end use. 

From a system perspective, a critical issue that must be addressed is the altera-

tion in the vehicle and also in the distribution system of bio-fuels. For example the 

fossil gasoline could potentially be replaced with methanol and synthetic natural 

gas whereas DME could be used as an alternative to diesel. To promote public 

acceptance towards bio-fuels, it is important to understand the limitations of 

different bio-fuel alternatives that can be potentially used as replacement of 

conventional fossil based fuels. Few limitations include: 

 Fuel flexibility: A common limitation is that most of the bio-fuels cannot be 

used in fuel flexible engines and add safety issues like toxicity, risks at in-

terim storage and filling.  

 Distribution infrastructure: The introduction of bio-fuels to transport 

requires alteration in current fuel distribution system such as; 

 The distribution of hydrogen to vehicles shall require far greater 

changes in the distribution networks and vehicles. The hydrogen dis-

tribution in gas form requires extra energy in terms of compression to 

vehicle gas tanks.  Fuel cells could be an expensive solution than cur-

rent engines per unit power output. 

 Methanol is a better option since large volumes can be transported 

with very less energy required for transportation as compared to 

methanol energy transported. Methanol can also be used as a blend-

ing fuel in gasoline in otto-ignition engines; methanol can be blended 

with 15% gasoline. 

 DME can be primarily used in diesel engines due to high cetane num-

ber and low octane number but still requires alterations in the 

distribution system and vehicles. Also, the fuel injection system is a 

major problem with DME as an automotive fuel.  

 Synthetic natural gas can be used as compressed natural gas (CNG) 

which is an alternative to gasoline. But this requires extra distribution 

energy and modifications in gasoline run vehicles. Note that the dis-

tribution systems for CNG are commercially developed and widely 

used in countries having natural gas reservoirs e.g. Pakistan, Iran, and 

India etc.  
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 Personnel training: In addition to knowledge about new bio-fuels, it is 

important to train personnel about driving, re-fuelling and also mainte-

nance of the vehicles. 

 Vehicle costs: A consequence in terms of public acceptance towards bio-

fuels in transportation is the increased cost of vehicles designed for such 

bio-fuels as compared to conventional gasoline or diesel-run vehicles. 

There are possibilities of modifications in gasoline or diesel-engines but 

still require extra investment. 

 Subsidies: To promote bio-fuels and bio-fuel based automotives, subsi-

dies and concessions in taxation may enhance public acceptance since 

the price of bio-fuel or vehicle can be significantly affected by national 

subsidies schemes.   

6.3 Further work 

Some suggestions for future research work are highlighted. 

 The energy conversion performance results of the catalytic hydrothermal 

gasification system indicated significant improvements in black liquor 

energy system integrated with the pulp mills. A detailed process model-

ing and heat integration for minimum energy requirement (MER) should 

be performed. Since the catalytic hydrothermal gasification system is a 

novel technology, real testing of black liquor on pilot scale should be 

done.  

 The BLG technologies offers prospect for CO2 capture and storage de-

ployment at the pulp mills. The on-site CO2 capture potential shall be 

estimated from methanol production in the CBLG and the DBLG systems. 

 The energy cost for the CO2 capture and storage should be estimated to 

investigate energy consequences and economics of CO2 capture and 

storage systems. In addition, other CO2 capture technologies shall be 

compared to find efficient CO2 separation process.  

 Detailed studies should be performed to estimate fossil fuel CO2 emis-

sions from biomass cultivation and transport to mill’s site.  This factor is 

critical for the CHG system because the additional biomass import is sig-

nificantly higher (case I) than other BLG systems that will result in larger 

CO2 emissions.  
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 Since the dry BLG system showed competitive performance results, de-

tailed economic studies on bio-refinery system with dry BLG systems 

shall be performed.  

 A detailed process integration of an efficient BLG based biofuel route 

with the pulp mill should be studied. The biofuel production results in an 

increased number of process streams and units that shall be integrated 

with the BLG system.                                                      
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7. Conclusions 

This thesis has studied four biofuel alternatives from three different BLG systems 

i.e. dry BLG system with direct causticization, catalytic hydrothermal gasification 

system, and Chemrec BLG system. The energy conversion performance of biofuel 

production routes are compared based on system performance indicators. The 

main conclusions from this study are: 

 The dry BLG system using direct causticization for synthetic natural gas 

production offered better integration opportunities with the chemical 

pulp mill based on the material and energy balances. Synthetic natural 

gas production proved to be the most energy efficient route achieving 

high biomass to biofuel conversion efficiency and high energy ratio with 

considerable net steam production in the BLG island. The elimination of 

the lime kiln together with less power boiler load resulted in less addi-

tional biomass requirement and associated CO2 emissions. 

  

 The quantity of biofuel production and conversion efficiency is substan-

tial in the catalytic hydrothermal gasification system but at a cost of large 

biomass import. The extra biomass used in the integrated system shall 

add burden on biomass availability for other applications that could in-

crease CO2 emissions e.g. emissions from biomass cultivation, transport 

to mill site, and fossil fuel consumption in other applications. 

 

 The results showed self sufficient bio-refinery operation with consider-

able synthetic natural gas production and energy ratio in the catalytic 

hydrothermal gasification system without extra biomass added to the 

system. However, due to anticipated complex design and large steam re-

quirement in the catalytic hydrothermal gasification for SNG production, 

further studies on overall feasibility should be carried out in order to 

identify the optimum operating window for this novel process.  
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 Hydrogen production in the dry BLG system showed highest combined 

CO2 mitigation potential due to on-site CO2 capture from the product gas 

and hydrogen replacing gasoline in the transport sector. 

 

 Chemrec BLG system are advantageous than the dry BLG system for DME 

and methanol production that would contribute to decreased motor die-

sel consumption and tail pipe CO2 emissions.  

 

 Synthetic natural gas from the dry BLG system and the catalytic hydro-

thermal gasification system has relatively higher motor fuel replacement 

potential as compressed natural gas than other studied systems, espe-

cially in countries with large pulp industry. 
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