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Abstract 
Production of renewable motor fuels and green chemicals is important 

in the development towards a more sustainable society where fossil 

fuels are replaced. The global annual production of methanol and 

ammonia from fossil fuels is very large. Alternative production 

pathways are therefore needed to reduce emission of anthropogenic 

greenhouse gases and to reduce the fossil fuel dependency. 

Gasification of lignocellulosic biomass is one promising renewable 

alternative for that purpose. However, to be able to compete with 

fossil feedstocks, a highly efficient production of biomass-based 

products is required to maximize overall process economics and to 

minimize negative environmental impact. In order to reach reasonable 

production costs, large production plants will likely be required to 

obtain favourable economy-of-scale effects.  

 

Integrating large scale biofuel or green chemical production processes 

in existing pulp mills or in other large forest industries may provide 

large logistical and feedstock handling advantages due to the already 

existing biomass handling infrastructure. In addition, there are large 

possibilities to make use of different by-products. In chemical pulp 

mills, black liquor, a residue from pulp making, provides a good 

feedstock for the production of chemicals. It has previously been 

shown that investment in a black liquor gasification plant is 

advantageous regarding efficiency and economic performance 

compared to investment in a new recovery boiler. The potential 

production volume of green chemicals from black liquor is however 

limited since the availability of black liquor is strongly connected to 

pulp production. Increased chemical production volumes and thereby 

potential positive scale effects can be obtained either by adding other 

types of raw material to the gasification process or by increasing the 

syngas production by other gasification units operating in parallel. 

Several publications can be found regarding biomass gasification 

using one single feedstock and/or gasifier, but only a few consider co-

gasification of different fuels and dual gasification units.  

 

The overall aim of this thesis has therefore been to investigate techno-

economically the integration of biomass gasification systems in 
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existing pulp and paper mills for green chemical production with the 

focus on creating economy-of-scale effects. The following system 

configurations were selected: i) a solid biomass gasifier that replaces 

the bark boiler in a pulp mill for methanol or ammonia production, ii) 

a solid biomass gasifier operated in parallel with a black liquor 

gasifier for methanol production, and iii) methanol production from 

gasification of black liquor blended with biomass-based pyrolysis oil. 

The main objectives were to find possible and measurable technically 

and economically added values for different integrated system 

solutions. 

 

The gasifier, the gas conditioning and synthesis were modelled in the 

commercial software Aspen Plus for material and energy balance 

calculations. A thermodynamic model developed for gasification of 

black liquor was used to simulate co-gasification of black liquor 

blended with pyrolysis oil. The outputs served as inputs for the 

process integration studies, where models based on Mixed Integer 

Linear Programming (MILP) were used. An iterative modelling 

approach between the two models was adopted to ensure that all 

constraints of the pulp and paper mill as well as for the gasification 

plant were met. The resulting material and energy balances were used 

to analyze the different system configurations in terms of overall 

energy efficiency and process economics.  

 

The results show that replacing the recovery or bark boiler with a 

biomass gasifier for green chemical production improves the overall 

energy system efficiency and the economic performance compared to 

the original operation mode of the mill and a non-integrated stand-

alone gasification plant. Significant economy-of-scale effects were 

obtained when co-gasifying black liquor and pyrolysis oil. This adds 

extra revenue per produced unit of methanol compared to gasification 

of pure black liquor, even for pyrolysis oil prices that are considerably 

higher than projected future commercial scale production costs. In 

general, methanol sold to replace fossil gasoline showed good 

investment opportunities if exempted from taxes. Ammonia produced 

via gasification of lignocellulosic biomass is per unit of produced 

chemical significantly more capital intensive than methanol. The 
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investment opportunity of the ammonia configuration is therefore 

diminished in comparison to methanol production. 

 

The main conclusion is that production of green chemicals via 

biomass gasification integrated in a pulp and paper mill is 

advantageous compared to stand-alone alternatives. Highest 

efficiencies and economic benefits are obtained for the systems where 

co-utilization of upstream (air separation unit) as well as downstream 

process equipment (gas conditioning units and synthesis loop) is 

possible.   

 

Keywords: Pulp and paper mills, integration, biomass, gasification, 

green chemicals, methanol, ammonia. 
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deriving from the integration of a pressurised entrained flow 

biomass gasification plant for ammonia production in an 
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increase the methanol production at a Swedish pulp mill via 
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1. INTRODUCTION  

Increasing energy consumption in combination with depleting fossil 

resources put pressure on society to search for new alternatives to 

secure the future energy supply. The vast use of fossil fuels to cover 

the growing energy demand has caused severe negative environmental 

problems, most notably by increased concentration of anthropogenic 

greenhouse gases in the atmosphere, causing global warming. Carbon 

dioxide (CO2) is by quantity the largest contributor to the climate 

change issue. CO2 is primarily released via production and 

consumption of fossil based products, with coal as the most carbon-

intensive fossil fuel.  

 

Today the atmospheric concentration of greenhouse gases is 40% 

higher compared to pre-industrial times and the levels constantly keep 

on rising (IPCC, 2013). To avoid dangerous problems caused by 

climate changes the average global temperature rise should be limited 

to less than 2ºC compared to pre-industrial times. According to the 

International Panel on Climate Change (IPCC, 2013), this can be 

achieved with a probability exceeding 66% if the total cumulative 

anthropogenic CO2 emissions from pre-industrial times are kept in the 

range of 0 to 1000 GtC (or 3670 GtCO2). The possibility to remain 

within this upper emission level is however rapidly decreasing as time 

goes on and the fact that more than half of the allowed cumulative 

CO2 emissions have already been emitted speaks for urgency for a 

worldwide energy supply that is environmentally friendly and 

sustainable.  

 

Increasing the production and the use of bioenergy is considered as 

one of the main solutions to achieve large reduction of energy related 

greenhouse gas emissions. IPCC projects that biomass can contribute 

120 to 155 EJ of the annual primary energy supply by 2050 when 

economic and ecological restrictions are considered. This can be 

compared to the current total annual energy supply of 475 EJ 

(Edenhofer, et al., 2011).  
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Biomass is a limited resource, therefore an efficient use is 

fundamental to make biomass feedstock adequate to produce many of 

the future required renewable products and fuels. Biomass is for 

example essential to increase the production of biofuels, as the future 

energy use and CO2 emissions from the transportation sector are 

suspected to rise more than 80% until 2050 if the current development 

persists (IEA, 2009). Increasing the efficiency and also electrifying 

the vehicle fleet are other possible and required measures to reduce 

the greenhouse gas emissions from transport. Efficiency improvement 

is however not enough and electrification is not suitable for all 

transport modes, and it is also important to replace fossil automotive 

fuels with non-fossil alternatives, i.e. biofuels and particularly 

advanced biofuel. Advanced (or second generation) biofuels show low 

competition with food production compared to conventional biofuels 

(e.g. ethanol from sugar and starch crop) as they can be produced from 

various low-grade lignocellulosic feedstocks. Gasification is the most 

feedstock flexible pathways for production of several advanced 

biofuels, e.g., methanol, di-methyl ether or Fischer-Tropsch diesel. 

Technically methanol is regarded as an excellent alternative to petrol 

in conventional combustion engines as well as for fuel cells. 

Biomethanol produced via biomass gasification is therefore an 

alternative that can increase the use of renewable energy and thereby 

also decarbonise and improve the supply security to the transportation 

sector.   

 

Biomass gasification can also be utilized for green chemical 

production. Globally, 50% of the food grown is dependent on nitrogen 

fertilizer. The fertilizer sector annually stands for 1.2% of the world’s 

total energy use, where the bulk (87%) is directly coupled to ammonia 

production (IFA, 2009). Substantial amounts of greenhouse gases are 

therefore emitted from the ammonia industry since the production is 

almost exclusively based on fossil feedstocks. Green ammonia 

produced via gasification of lignocellulosic biomass could be a more 

sustainable alternative that could help reduce the fossil fuel 

dependency and consequently reduce emissions of greenhouse gases 

from the ammonia (e.g. fertilizer) industry. 
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1.1 BIOMASS GASIFICATION AND SYNGAS PRODUCTS 

Gasification is a thermochemical process for converting a solid or a 

liquid organic fuel to synthesis gas (or syngas). The syngas 

composition depends on several parameters, such as reactor type, 

operating temperature, gasifying agent and fuel type. Air, pure oxygen 

and steam are the main gasifying agents. Air is the least expensive 

alternative, but the high nitrogen content dilutes the syngas quality. 

Using pure oxygen increases the syngas heating value, compared to 

air, but with the downside of an energy- and cost-intensive oxygen 

separation process. Steam can be used to raise the hydrogen content in 

the syngas via a water-gas shift reaction and thereby also increase the 

heating value of the syngas.  

 

The resulting syngas consists of varying levels of CO2, CO, CH4, H2, 

H2O, C2-hydrocarbons, tar and N2 (depending on the gasifying agent). 

Reactor temperatures exceeding 1000 °C produce a syngas that mainly 

consist of CO and H2. Lower gasification temperatures will generate a 

product gas with higher levels of different hydrocarbons (e.g. CH4), 

which can be further processed to syngas via catalytic or thermal 

cracking (Börjesson, et al., 2013).  

 

The product gas can be used for power production, while upgraded 

syngas can be used for fuel or chemical production via different 

catalytic synthesis processes. For example, hydrogen can react 

together with nitrogen to form ammonia or carbon monoxide to form 

methanol. Today the entrained flow and the fluidized bed technology 

are the main reactor designs considered to be capable and viable for 

large-scale production of biomass-based products. The dual bed 

(indirect) technology is also considered to be capable of larger 

production capacities, although not in the same range as the entrained 

flow and the fluidized bed technology. The high operation temperature 

in the entrained flow reactors generates a syngas nearly free from tars 

and other hydrocarbons and therefore requires low gas cleaning 

efforts. The other gasification technologies are more flexible in 

operation conditions, but the syngas composition therefore varies 

more for these technologies compared to the entrained flow 

technology. In addition, the presence of tar and short hydrocarbons in 
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the raw syngas often requires primary as well as secondary measures 

before any downstream synthesis upgrade process (Börjesson, et al., 

2013). The entrained flow technology also shows great advantages in 

system pressurization (usually between 20-70 bar) and final fuel 

conversion (Heyne, et al., 2013).  

1.1.1 Entrained flow gasification 

In a pressurized entrained flow gasifier (see example in Figure 1) fuel 

in the form of solid, liquid, slurry or gas is fed into a heated reactor 

co-currently with a gasifying agent (usually pure oxygen) for partial 

combustion of the fuel (Börjesson, et al., 2013, Heyne, et al., 2013). 

The short residence time for the entrained fuel in the reactor requires 

particles/droplets smaller than 0.5 mm, in order to facilitate high 

carbon conversion rates (Börjesson, et al., 2013). This requires an 

energy intensive grinding process before gasification of a solid 

biomass feedstock. Pre-treatment and feeding connected to small 

biomass particles are critical issues before commercialization of large-

scale entrained flow capacities. Entrained flow gasifiers usually 

operate in a temperature range of 1200-1800°C. Dependent on fuel 

type, the gasifiers are therefore generally operating in a slagging 

mode, i.e. above the ash melting temperature. Selecting materials that 

can withstand the high operation temperatures and handle the ash 

compounds in the molten slag are also challenges for the technology 

(Heyne, et al., 2013).  
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Figure 1. Schematic of Siemens entrained flow gasifier (Higman, et al., 2008). 

 

Gasification of black liquor (a residue from pulp making) using the 

pressurized entrained flow technology can achieve very high carbon 

conversion rates at relatively low reactor temperatures (1000-1100°C). 

This is possible since the alkali content (spent cooking chemicals) in 

black liquor catalyzes the gasification reactions (Huang, et al., 2009, 

Kajita, et al., 2010, Umeki, et al., 2012) and also lowers the ash 

melting temperature. This allows the gasification process to operate in 

a slagging mode and produce a tar-free syngas, despite the relative 

low reactor temperature (Öhrman, et al., 2012). Selecting a refractory 

lining that is not corroded by the high alkali content is a challenge in 

operating entrained flow black liquor gasifiers. Furthermore, obtaining 
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small droplets by atomizing the high viscous black liquor is another 

challenge (Heyne, et al., 2013).    
 

Table 1 shows the typical syngas composition for two entrained flow 

gasifiers. As previously mentioned, fuel type and other operating 

conditions also have an influence on the syngas composition.   
 

Table 1. Syngas composition for two entrained flow gasifers in mole%. 

Gasifier Chemrec CHOREN 

Gasifying agent Oxygen Oxygen /Steam 

Fuel type Black liquor Wood chips
 

H2 39% 37% 

CO 38% 36% 

H2:CO 1.03 1.02 

CO2 19% 19% 

H2O 0.2% 7% 

CH4 1.3% 0.06% 

N2 0.2% 0.1% 

Reference Ekbom, et al., 2003 
NNFCC - The bioenergy 

consultants, 2009 
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1.1.2 The methanol production process  

The majority of the syngas-based 

methanol is produced via steam 

reforming or partial oxidation of 

natural gas or naphtha. Production 

via coal or biomass gasification is 

possible alternatives but today less 

practiced. A 2:1 ratio between 

H2:CO is generally preferred for 

maximum conversion efficiency 

for methanol synthesis. A water-

gas shift (WGS) process is 

therefore required prior to the 

catalyst to raise the H2-fraction in 

the biomass-based syngas (see Figure 2) by converting CO and steam 

to H2 and CO2. Removal of impurities, catalyst poisonous compounds 

and inert gases are very crucial for an efficient synthesis and enabling 

a long catalyst lifetime. A cleaned and conditioned syngas is fed into a 

reactor vessel in the presence of a catalyst at a pressure between 50-

100 bar producing methanol and water vapour. The crude methanol is 

fed to a distillation plant for a two-step separation process to remove 

volatiles and water and higher alcohols respectively. The unreacted 

syngas is recirculated back to the methanol catalyst, where a fraction 

is withdrawn in order to avoid inert gas accumulation in the methanol 

synthesis loop (Spath, et al., 2003).  

 

 
Figure 2. Main process steps for upgrading raw syngas to methanol.  

Methanol is the simplest of all 

alcohols molecules (CH3OH) 

 

Heating value: 

15.8 MJ/litre or 19.8 MJ/ kg 

 

Octane number: 

RON 107 & MON of 92 

 

Almost 2/3 of the methanol 

production is used for producing 

formaldehyde, methyl tert-butyl 

ether (MTBE) and acetic acid. 
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1.1.3 The ammonia production process  

Ammonia (NH3) can be produced by 

synthesis from nitrogen and hydrogen 

in the Haber-Bosch process, where 

the economic challenge is to produce 

the hydrogen source. The main 

source for hydrogen was previously 

from coal, but falling petroleum 

feedstocks prices shifted the use to 

mainly natural gas (Spath, et al., 

2003). Independent on the feedstock, 

a WGS process is used to maximize 

hydrogen content in the syngas. After conditioning and gas cleaning 

steps (see Figure 3) a pure hydrogen stream is mixed with nitrogen 

fixed from the air to achieve the desired 3:1 ratio between H2 and N2 

for ammonia synthesis (Higman, et al., 2008). The ammonia synthesis 

takes place over an iron promoted catalyst at elevated pressures (150-

350 bar) at a minimum temperature of 430-480°C (Spath, et al., 2003). 

The exothermic ammonia reaction requires cooling of the process, 

which, in combination with the operating condition, enables high 

quality steam generation. A refrigeration system is used to separate 

the produced ammonia from the unreacted gases. The unreacted gases 

are recycled back to increase the ammonia production rate, where part 

of the unreacted gases is purged to prevent accumulation of inert gas 

in the synthesis loop (Spath, et al., 2003). 

 

 
Figure 3. Main process steps for upgrading raw syngas to ammonia.  

Ammonia (NH3) is a (colourless) 

gas in room temperatures and 

known by its strong pungent 

odour. 

 

NH3 is one of most synthetic 

produced chemical worldwide. 

 

Most used for fertilizer 

production, e.g. urea or 

ammonium. 
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1.2 INDUSTRIAL INTEGRATION OF BIOMASS GASIFIERS 

Biomass gasification is considered one of the main technology 

pathways for large scale production of biomass-based fuels and 

chemicals, (Heyne, et al., 2013). The deployment of any renewable 

biomass-based alternative that replaces fossil fuels depends on a 

viable production that can be both cost-effective and competitive. An 

efficient production of biomass-based products is therefore an 

important key to maximizing the overall process economics and 

thereby creating opportunities for deploying the production pathways. 

Large production plants will likely be required to obtain favourable 

economy-of-scale effects and reasonable production costs. Integrating 

biomass gasification processes for large-scale biofuel or green 

chemical production processes in existing industries may result in 

technical, energy-related and economic benefits (Andersson, et al., 

2013). There are a few different options for integrating the production 

process (Nohlgren, et al., 2010): 

 

 Feedstock integration by utilizing existing internal material 

streams used for conversion processes (for example black 

liquor, glycerol and other industrial by-products) 

 

 Energy integration, where internal energy streams, can be used 

for example for fuel drying, pre-heating, etc. 

 

 Equipment integration, by co-utilizing existing or new up-

scaled equipment such as air separation units, distillation 

columns, crackers, etc. 

 

Integrating biofuel or green chemical production processes in existing 

forest industries may provide large feedstock handling and logistical 

advantages. In chemical pulp mills for example, black liquor, the 

residue from pulp making, provides a good feedstock for gasification 

(Ekbom, et al., 2003). Another opportunity to produce syngas is via a 

solid biomass gasifier that replaces the bark boiler (Wetterlund, et al., 

2011). The majority of published techno-economic studies of 

industrially integrated biofuel production via biomass gasification 

consider the pulp and paper mills as integration sites (Andersson, et 
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al., 2013). Many of these studies (e.g. Consonni, et al., 2009, Ekbom, 

et al., 2005, Pettersson, et al., 2012) have shown that investment in a 

black liquor gasification plant is advantageous regarding efficiency 

and economic performance compared to investment in a new recovery 

boiler. 

 

The potential production volume of green chemicals is however 

limited from a black liquor feedstock since the availability is directly 

correlated to the pulp production rate. Increased chemical production 

volumes and thereby potential positive economy-of-scale effects can 

be obtained either by adding other types of raw material to the 

gasification process or increasing the syngas production by other 

gasification units operating in parallel. The practical implementation 

of this could be via adding biomass-based pyrolysis oil to the 

available black liquor feed and co-gasifying the blend, or parallel 

operation of a solid biomass gasifier and a black liquor gasifier. Those 

alternatives could co-utilize upstream (air separation unit) as well as 

downstream process equipment (gas conditioning units and synthesis 

units). Several techno-economic studies exist regarding integrated 

biomass gasification using one single feedstock and/or one gasifier 

(e.g. Ekbom, et al., 2005, Isaksson, et al., 2012, Lundgren, et al., 2013, 

Tunå, et al., 2012, Wetterlund, et al., 2011), but publications that 

consider dual gasification units are scarce (Consonni, et al., 2009, 

Pettersson, et al., 2012) and none existent for co-gasification of 

different non fossil fuels.   
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1.3 OBJECTIVES AND OUTLINE OF THESIS 

The overall aim of this thesis was to techno-economically investigate 

integration of biomass gasification systems in existing pulp and paper 

mills for production of green chemicals. The main objective was to 

identify and quantify technical and economic added values caused by 

the integration. 

 

This thesis comprises three papers (Paper A-C), all of which focus on 

production of biofuels or green chemicals via integrated gasification. 

The papers techno-economically investigate the integration potential 

of biomass gasification processes for the following system 

configurations: i) a solid biomass gasifier that replaces the bark boiler 

in a pulp mill for methanol (Paper A) and for ammonia production 

(Paper B); ii) a solid biomass gasifier operated in parallel with a black 

liquor gasifier for methanol production (Paper A); and iii) methanol 

production from gasification of black liquor blended with biomass-

based pyrolysis oil (Paper C). 
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2. METHODOLOGY 

In order to make reliable energy efficiency and process economic 

analyses of integrated biomass gasification pathways, advanced 

system models are useful. This section describes the methodologies 

used to study material and energy flows for different biomass 

gasification system in combination with holistic industrial site models. 

Furthermore, the methods used for the techno-economic evaluations 

are described.  

2.1 PROCESS MODELLING METHODOLOGY 

A biomass gasification plant model should be able to mimic real plant 

behaviour independent on capacity. A bottom-up modelling approach 

was therefore adopted to ensure a higher detailed level of the 

modelled sub-processes (i.e. gasification plant) to be integrated with 

the larger global system (i.e. pulp and paper mill), see Figure 4. This 

strategy allows each of the units in the biomass gasification plant and 

its auxiliary upstream (oxygen plant, pre-treatment) and downstream 

process equipment (gas conditioning units and synthesis loop) to be 

represented by an individual sub-model and thereby connected via 

material and energy streams. In addition, a more global approach can 

also be applied in order to avoid sub-optimization of the system if the 

whole pulp and paper mill is used as system boundary.  

 

 
 Figure 4. General modelling approach of the system studies. 
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The resulting material and energy balances from the gasification 

model were supplied as inputs to the process integration (PI) model, 

where the most important modelling constraint was a maintained pulp 

production. With the integration approach to replacing either the 

recovery or the bark boiler, the capacity of the integrated biomass 

gasification system is required to maintain process steam balance of 

the mill. The iterative modelling approach illustrated in Figure 4 

between the biomass gasification plant model and the pulp and paper 

mill model was adopted to ensure that all constraints of the pulp and 

paper mill, as well as for the gasification plant, were met. The mass 

and energy balance results from stand-alone cases modelling were 

directly used as inputs for the techno-economic evaluation. 

 

2.1.1  Aspen Plus 

The commercial software Aspen Plus can be used for modelling a 

range of process applications. Aspen Plus is a graphic simulation tool 

designed for creating system models and running advanced process 

simulations. The software is equipped with comprehensive databases 

for materials and built-in models for a wide range of components 

(Aspen Technology Inc, 2013).  

 

The biomass gasification plants in Paper A-B were modelled using 

Aspen Plus for material and energy balance calculations. The 

boundary of the plants ranges from the incoming raw biomass to the 

outgoing final syngas based product, which includes the pre-treatment, 

the gasifier(s), the gas conditioning and the synthesis loop, as illustrate 

in Figure 5. The dashed line is valid in the case where a black liquor 

gasifier is co-integrated with the PEBG and operated in parallel.  
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Figure 5. Simplified flowsheet of the modelled gasification plants in Aspen Plus. 

 

Each of the blocks in Figure 5, was modelled using one or several of 

the built-in models. In those mass and energy balances, phase and 

chemical equilibrium, reaction kinetics together with reliable physical 

properties, thermodynamic data and supplied operating conditions 

were used to simulate actual equipment behaviour. Material, heat 

and/or work streams were used to connect the modelled units. A more 

detailed description of each sub-process and how they are modelled in 

Aspen Plus are found in Paper A and Paper B. 

2.1.2 SIMGAS 

The thermodynamic model, SIMGAS, originally developed for 

gasification of black liquor was used to simulate co-gasification of 

black liquor blended with pyrolysis oil in Paper C. The simulations 

are made for a commercial scale gasifier to mimic realistic size and 

heat losses. The possibility to gasify a blend of pyrolysis oil and black 

liquor depends on the similar catalytic effect from the sodium content 

in black liquor being realized for a blend, although the alkali content 

of the mixed feedstock is lower than in gasification of unblended 

black liquor. A further description of and support for the co-

gasification process can be found in Paper C. 
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2.1.3 reMIND 

Mathematical process integration models of two existing Swedish 

pulp and paper mills were used for the system studies in which the 

gasifiers were integrated in the mill, i.e. the BillerudKorsnäs 

Karlsborg plant (Paper A-B) and the Rottneros Vallvik plant 

(Paper C). The PI models are based on mathematical programming 

using mixed integer linear programming (MILP) through the Java-

based software tool reMIND (Karlsson, 2011). reMIND supplies a 

graphical interface that enables the design of a network of nodes and 

branches to represent a given process application. Steam generating 

units and steam consumers in the mill are represented by an individual 

node where linear equations are used to express the materials and 

energy balances of that specific unit. The branches connect the steam 

generating units and steam consumers in the mill, by representing the 

internal network of material and energy flows.  

 

The PI model of the BillerudKorsnäs Karlsborg mill was validated 

against operational data, while the Rottneros Vallvik plant model was 

designed according to a further planned production rate. The 

development of the former model is described in detail by Ji, et al., 

2012. 

    



 

  16 (29) 

2.2 ENERGY EFFICIENCY CALCULATIONS 

Several available methods to calculate energy system efficiencies 

exist. The following four methods are often applied for calculating the 

system efficiency: (i) mixed sources of energy carriers by the first law 

of thermodynamics; (ii) accounting the exergy in the mass and energy 

flow; (iii) by the use of electricity equivalents; or (iv) by converting 

all the mass and energy flow except the main product to its biomass 

equivalents (Andersson, et al., 2013). Differently defined system 

boundaries are also frequently used for system efficiency calculations. 

Comparing system efficiencies of different production systems may 

therefore be problematic and sometimes highly misleading.  

 

It can also be misleading trying to compare system efficiencies for 

different industrially integrated gasification plants also on an 

equalised basis. This is because the potential efficiency improvement 

often is in direct correlation to how the industries exploited their 

resources prior to the integration. The resulting efficiencies are 

therefore very site-dependent and should instead be viewed as a 

measure of the potential improvement a specific industry could 

achieve by integrating a biomass gasification concept.  
 

The material and energy balances in Paper A-C were calculated on an 

incremental basis compared to the operation of the industry prior to 

the integration, i.e., required marginal supply of biomass and other 

energy carriers needed to produce a biofuel or green chemical. This 

was an attempt to measure the potential improvement that a specific 

industry could gain by implementing a biomass gasification route. All 

energy carriers (motor fuel, biomass, etc) were converted to electricity 

equivalents according to the efficiency (η) of the best-available 

technologies known to the author according to Table 2.  
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Table 2. Electricity generation efficiencies used for calculation of electricity 

equivalents. 

Fuel η Comment (Reference) 

Biomass 46.2% BIGCC (Stahl, 2001) 

Bark 46.2% BIGCC (Stahl, 2001) 

District heating 10.0% Opcon power box (Tunå, et al., 2012) 

Methanol 55.9% 
Gas turbine combined cycle  

(Tunå, et al., 2012) 

Ammonia 49% 

Received by multiplying the methanol 

power generation efficiency with the 

ratio of the lower heating values 

between ammonia and methanol. 

Pyrolysis oil 50% Assumed 

LP steam 4.5 bar(a) 

150°C 
16.6% 

Steam levels from KAM, calculated 

using 30°C condensing temperature, 

25°C reference point, 72% ηisentropic 

90% ηmechanical (Andersson, et al., 

2006) 

MP Steam 11 bar(a) 

200°C 
19.6% 

IP Steam 26 bar(a) 

275°C 
22.6% 

HP steam 81 bar(a) 

490°C 
27.2% 

 

The system efficiencies for all configurations were calculated based 

on the marginal energy supply (Q) and converted to electrical 

equivalents by the first law of thermodynamics according to (Eq 1).  

 

     
                                        

                                      
 Eq 1 

 

The subscripts denote the different material and energy flows. 

Electrical equivalents were used instead of only using mixed sources 

of energy carriers to value better the diverse level of exergy in the 

different flows (biomass, bark, hot water, steam, power and motor fuel 

products, etc.). Biomass for pulp making and the final pulp products 

are not accounted for in the resulting overall energy system efficiency 

calculations. 
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2.3 ECONOMIC EVALUATION 

The economic calculations are based on the assumption that the pulp 

and paper mill is required to invest in a new recovery or bark boiler 

dependent on the integration scenario. The capital cost was calculated 

on an incremental basis as a comparison between a new investment in 

a boiler and an investment in an integrated gasification plant for green 

chemical production. Any operational changes in the pulp and paper 

mill caused by the integration of the gasification plant are included in 

the material and energy balance for that specific case.  

 

The investment cost is calculated as the sum of the cost for the major 

units (pre-treatment, gasifier, gas cleaning units, etc). Chemical 

Engineering’s Plant Cost Index (CEPCI) was used to update the cost 

data of the investment (I) from the given reference year (x) to the 

current year according to (Eq 2):  

 

                  
                 

      
  Eq 2 

 

The specific investment for each unit was determined dependent on 

the actual capacity, reference size and the updated reference 

investment cost according to (Eq 3): 

 

        
 

    
 
 

   Eq 3 

 

where P denotes the size and the subscript (old) refers to the 

investment cost and size of the reference equipment. F is the overall 

installation factor and n denotes the scale factor (usually 0.7). The 

calculated investment costs are used to analyse and compare the 

process economics of the different system configurations, either via a 

case flow analysis using the Internal Rate of Return (IRR) or to view 

the economic competiveness of the production cost.   



 

  19 (29) 

3. SUMMARY OF THE APPENDED PAPERS 

This section describes the appended paper and states the main results 

from Paper A-C. Figure 6 illustrates how the green chemical 

production pathways affect the pulp mill in the different integration 

scenarios.     

 

 
Figure 6. Generic overview of a pulp and paper mill with the integrated biomass 

gasification pathways. The coloured boxes specify which units/streams that are 

active in the different integration scenarios. A hatched unit indicates a process that is 

removed after integration.    

 

Paper A describes the techno-economic opportunities for integrating 

gasification-based biomass-to-methanol production in a chemical pulp 

and paper mill. Biomethanol production was investigated in three 
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different system configurations: a non-integrated stand-alone 

gasification unit and two integrated gasification systems. Both 

integrated cases concerned integration of a pressurized entrained flow 

gasification (PEBG) unit in the pulp and paper mill, one with a co-

integration of a black liquor gasifier operated in parallel with the 

PEBG and one where the bark boiler is replaced by a solid biomass 

gasifier.  

 

The former integration case results in a significant increase of biomass 

imports and electricity to the mill at the same time as the lowest 

biomass-to-methanol efficiency is reached compared to the other 

configuration. However, the overall system efficiency is improved to 

the same degree as when the bark boiler is replaced by a solid biomass 

gasifier for methanol production, both in comparison to the stand-

alone plant. In addition, the increased biomass-based syngas volumes 

lower the investment intensity through the possibility of equipment 

co-utilization. The created scale effects are the main reason for the co-

integrated case is the best alternative (based on received IRR) when 

methanol is sold to replace fossil gasoline under similar conditions as 

today’s market. The feasibility of methanol production via biomass 

gasification is however diminished when evaluated under future 

market scenarios, where price assessments were made based on the 

fossil fuel price level, CO2 emissions charge and biofuel policy 

support. The economic benefits from integration are still very obvious, 

but high biomass prices in a future market penalized the viability of 

co-integration solution due to its high biomass import demand. The 

lower investment intensity cannot compensate for the relative high 

operational costs and the smaller integrated route with a solid biomass 

gasifier is therefore here a better investment opportunity.  

 

Paper B investigates potential technical and economic benefits 

deriving from the integration of a PEBG plant for ammonia 

production in an existing Swedish pulp and paper mill.  

 

Generally, green ammonia produced via the biomass gasification route 

is associated with a capital and power intensive process, primarily the 

synthesis loop and its operating conditions. A relatively high selling 
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marginal is therefore needed to make an investment in an ammonia 

production plant economically feasible. Integrating the ammonia 

production in the pulp mill instead of operating the stand-alone 

gasification plant, would however reduce the required selling 

marginal. The possibility to utilize available biomass when the bark 

boiler is removed and export tall oil results in an improved overall 

system efficiency and thereby lower energy requirements per ton of 

produced ammonia. The integrated ammonia route can lower the 

production cost by 12% compared to the non-integrated stand-alone 

alternative.   

 

Paper C techno-economically investigates the opportunity to increase 

methanol production at a Swedish pulp mill via co-gasification of 

pyrolysis oil blended with black liquor. 

 

By blending pyrolysis oil with black liquor, the inorganic content of 

the gasification feedstock decreases significantly and thereby also the 

thermal ballast in the system. As a result, the cold gas efficiency and 

the specific methanol output (per MW of input) are improved with 

increasing shares of pyrolysis oil added. The blending also improves 

the operational flexibility of the gasification plant that subsequently 

provides reduced redundancy in the gasifier train. The co-gasification 

route has been shown to lower the specific investment cost by up to 

50% per MW of produced methanol. Furthermore, the value of 

revenue streams increase more than 150% assuming a fifty-fifty blend 

(on wet mass basis) compared to gasification of unblended black 

liquor.  
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4. CONCLUSIONS  

The added values from integration rely heavily on the availability of 

bioresources at the industry and the possibility to utilize those for 

creating synergy effects and/or energy related benefits. Production of 

green chemicals via biomass gasification integrated in a pulp and 

paper mill shows that advantages over stand-alone alternatives can be 

obtained in the form of improved system efficiency and economic 

viability.   

 

In general, methanol assumed to replace the current use of fossil 

gasoline for transportation showed good production profitability if 

exempted from taxes. Ammonia produced via gasification of 

lignocellulosic biomass is per produced unit significantly more capital 

intensive than methanol. The production profitability for the ammonia 

configurations are therefore diminished in comparison to methanol 

production. The highest efficiencies and the most favourable 

economic benefits (with present biomass prices) were reached when 

methanol was produced via co-gasification of a mixture of black 

liquor and biomass-based pyrolysis oil, or when operating a solid 

biomass gasifier and a black liquor gasifier in parallel. Favourable 

economies of scale effects are also obtained for those systems because 

of the possibility to co-utilize both upstream (air separation unit) and 

downstream process equipment (gas conditioning units and synthesis 

loop).  

 

The positive economic benefits from integration can however be 

consumed by increased operational costs, especially for biomass. 

Future market scenarios with relatively high biomass prices reduce the 

economic viability of operating two parallel integrated gasifiers. This 

is due to that the external supply of biomass increases significantly for 

the mill. Higher biomass prices makes methanol produced via a solid 

biomass gasifier, which replaces the bark boiler, more beneficial than 

from two co-integrated parallel gasifiers. Moreover, methanol 

produced via co-gasification of black liquor and pyrolysis oil is the 

least sensitive configuration to changed operational costs. Co-

gasification of black liquor and pyrolysis oil is, from an economic 

perspective, more beneficial than to gasification of unblended black 
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liquor. This is valid for pyrolysis oil prices that are considerably 

higher than the projected future market prices for the oil. 

 

The main conclusion is that the potential technical and economic 

benefits that industrially integrated biomass gasification systems can 

provide are important in the development towards a more sustainable 

motor fuel and green chemical production.   
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5. FUTURE WORK 

Techno-economic studies with system boundaries set as in this thesis 

provide valuable information on potential system efficiency 

improvements and production profitability. In order to make sure that 

the biomass resources are used as efficient as possible also factors like 

the availability of biomass (including competition from other sectors), 

transport, distribution and utilization technology etc have to be 

considered. The BeWhere Sweden model described in Wetterlund, et 

al., 2013, is a model where the system boundary is lifted to a country 

perspective to include the above mention parameters. The model can 

perform total energy system optimisation calculations to determine 

optimal locations for various industrially integrated biofuel plants and 

also analyse the consequences of deployment. Constant development, 

refinement and also expansion of such models to include additional 

technologies, industries and feedstock types, bioenergy products, etc. 

are necessary to improve the reliability and to increase the knowledge 

of how to best implement a fossil free economy.  

 

In addition to the most frequently considered industrial sites for 

integration of a biofuel production process, the chemical pulp and 

paper industry, there are several other attractive process integration 

options: Large forest-based industries like sawmills or pellet industries 

could offer large integration benefits (biomass handling, logistics, heat 

sinks etc), but those industries are surprisingly not found among the 

considered integration sites for biofuel production via biomass 

gasification (Andersson, et al., 2013). Furthermore, oil refineries and 

steel plants are both interesting from an integration perspective. In the 

previously existing downstream processes (distillation columns, 

cracking processes, etc.) can be co-utilized (Wetterlund, et al., 2013) 

and the latter offer the possibility to increase the production volume in 

a co-synthesis manner if energy-rich excess off-gases from steel 

making are blended with biomass-based syngas (Lundgren, et al., 

2013). Although, those industries are rarely considered as an 

integration site for biomass gasification (Andersson, et al., 2013). The 

performance of a biofuel or green chemical production route 

integrated in an industry is not known before being thoroughly techno-

economically assessed. Further techno-economic studies are therefore 
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needed as input to these more global energy system optimisation 

models. Combining results from comprehensive bottom-up techno-

economic studies with such detailed top-down global optimization 

models will improve the knowledge of large energy system 

performance in a well-to-wheel perspective. This will also provide 

valid estimations on how regions or countries could reach specific 

targets for use of renewable and CO2 emissions.  
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Abstract 

A complete system model for gasification based biomass-to-liquid production, including fuel pre-treatment, was 

developed. The modelling approach has been an iterative process between an overall process integration model 

based on Mixed Integer Linear Programming (MILP) and a detailed process model of the biomass gasification 

unit, the syngas conditioning and methanol synthesis based on ASPEN Plus. Three different system cases 

involving Pressurized Entrained flow Biomass Gasification (PEBG) were analysed in terms of overall energy 

efficiency (calculated as electricity-equivalents) and process economics: One non-integrated stand-alone unit 

case and two cases where the PEBG process was integrated in a pulp and paper mill. The economic analysis was 

carried out using four different future scenarios of the energy market. It was found that the most beneficial case 

from an economic point of view is when a PEBG unit is integrated in the pulp and paper mill and fully replaces 

the bark boiler. In this case the methanol production cost is reduced in the range of 82-101 Euros per ton 

compared to the stand-alone case. The overall plant efficiency increases approximately 7%-points compared to 

the original operation mode of the mill and the non-integrated stand-alone case. In the case where the PEBG 

process is operated in parallel with a black liquor gasifier, equal increase of the overall plant efficiency is 

achieved, but the economic benefit is not as apparent. 

Keywords: Biomass, gasification, pulp and paper mill, process integration, methanol  

Highlights 

 Techno-economic results regarding integration of methanol synthesis processes in a pulp and paper mill 

are presented 

 The overall energy efficiency increases in integrated methanol production systems compared to stand-

alone production units 

 The economics of the integrated system improves compared to stand-alone alternatives 

 Tax-exempted biomass based methanol could compete with fossil petrol 
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1. Introduction 

An increased share and a sustainable use of renewable energy are necessary both in the stationary and in the 

transportation sectors to reduce emissions of greenhouse gases [1]. Increasing the efficiency of the vehicle fleet 

is the most cost-effective way to reduce greenhouse gas emissions in the transportation sector, but it is also 

important to replace fossil automotive fuels with non-fossil alternatives, i.e. biofuels. The latter is particularly 

important in those countries where internal combustion engines will still be needed due to cold climates [2]. 

Biomass based methanol is one good alternative to replace fossil petrol in conventional spark engines, only 

requiring moderate changes in the vehicles and the fuel distribution infrastructure [3]. In 2007, the annual global 

methanol production rose to 40 million tons [3], where the largest share is used as feedstock to the chemical 

industry. Methanol is currently almost exclusively produced via syngas (H2 and CO) derived from fossil 

resources, such as natural gas, coal, petroleum oil, naphtha, etc. Production of biomethanol via gasification of 

lignocellulosic biomass is one alternative that could help decarbonise the transportation sector. Biomass based 

motor fuels will most likely be produced in existing pulp mills and other large scale forest industries due to the 

fact that they already have the required biomass handling infrastructure in place. At the pulp mills an important 

raw material for motor fuel production will be black liquor from pulp production, since it provides an attractive 

combination of advantages compared to other alternatives. However, the availability of black liquor is limited 

and it is also strongly connected to the production of pulp and paper limiting the maximum amount of fuel 

production. Another opportunity, besides black liquor gasification, is direct gasification of forest residues. This 

alternative is mainly limited by the overall availability of biomass and it can work with low-grade biomass, e.g. 

logging residues and stumps. This alternative could become particularly attractive if combined with black liquor 

gasification since both upstream (oxygen plant) and downstream process equipment (catalytic conversion into 

motor fuels) can be co-utilized improving the economies of scale.  

A large number of studies exist regarding techno-economic evaluations of motor fuel production systems using 

biomass based gasification technologies [1, 4-12]. Integration of biomass gasifiers in existing industries has been 

analysed in [1, 9, 11, 13]. Wetterlund, et al. [1], showed important advantages regarding economic performance 

and energy efficiency when integrating a solid biomass gasifier (CFB) for production of bio-DME (dimethyl-

ether) in a pulp and paper mill compared to a stand-alone production unit. Consonni, et al. [13] showed that solid 

biomass and black liquor gasification technologies integrated in a pulp and paper mill for both motor fuel 

production (DME, Fischer–Tropsch liquids or ethanol-rich mixed-alcohols) and power production would result 

in good investment opportunities and provide environmental benefits. However, benefits from integrating 

gasification processes in pulp and paper mills may diminish depending on final products as well as gasification 

technology [11]. The main aim of this paper was to investigate techno-economically the opportunity to integrate 

a PEBG process into an existing pulp and paper mill, Billerud Karlsborg in Sweden. The objectives were to find 

possible and measurable added values with integrated system solutions compared to stand-alone units. This was 

done by calculating the biomass to methanol efficiency and the overall system efficiency of the plant for each of 

the cases (non-integrated and integrated systems). Furthermore, the process economics were evaluated by 

calculation of the methanol production costs. The analysis was performed for one stand-alone case and two 

integrated methanol productions cases, all including a PEBG process for methanol production.  

 

2. System description and selection 

2.1 Reference mill 

The considered chemical pulp and paper mill can principally be divided into two main processes: the fibre line 

and the chemical recovery process cycle. The fibre processing line includes the pathways for the dissolved 

cellulosic fibres and extends from the digester (where the pulp cooking occurs) to the pulp bleaching/paper 

making section of the mill. The integrated chemical recovery cycle is a necessary part of the mill in order to 

make the overall process economically feasible and environmentally sound. Here, the black liquor (BL), a by-

product formed in the pulping process, is an important part that is concentrated in a multi-effect evaporation 

plant and burned in a so called recovery boiler (RB) where combustion of the organic material part provides heat 

and electricity to the mill and the inorganic part is partly regenerated to cooking chemicals. The final recovery of 

these chemicals to NaOH and Na2S is made in the causticizing plant. Another (secondary) by-product, extracted 

from the black liquor evaporators, is rosin soap, which is further processed into tall oil that can be used as an 

internal fuel in the causticizing plant. 
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The high pressure steam produced in the RB and the biomass fired bark boiler (BB) is expanded in a steam 

turbine producing electricity and 10 and 4 bar steam for internal use. 30 bar steam is also extracted from the 

turbine for the purpose of soot-blowing in the RB. When the supply of internally available biomass is not 

enough, oil and/or purchased biomass is used (depending on the current fuel market price). Furthermore, a co-

generation plant produces electricity in a back-pressure turbine with a power output capacity of 35 MWe. Table 1 

shows the key energy data of the considered mill, in business-as-usual operation. 

Table 1. Current key energy data of the reference mill (MW) 

Electricity produced/purchased 35/16 

Steam production for internal consumers 208 

Biomass to bark boiler total consumption/purchased 51/7 

Oil to recovery boiler 5 

Tall oil to lime kiln 17 

 

2.2 Case descriptions 

A schematic overview of the three considered cases, a non-integrated stand-alone gasification unit and two 

integrated gasification systems are shown in Figure 1. The two integrated cases include the integration of a 

PEBG in a pulp and paper mill, one with a co-integration of a black liquor gasifier (BLG) operated in parallel 

with the PEBG. In all cases, methanol is the main final product. 

 

Figure 1. Schematic description of the studied cases. 
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2.2.1 Case A - Stand-alone gasifier 

In Case A, the PEBG is operated as a stand-alone gasification plant. To be able to compare the different cases, 

the size of the stand-alone plant was determined by Case B (see chapter 2.2.2), meaning that the thermal input of 

the biomass is the same as in that case. Heat is recovered for steam generation to satisfy the internal demand, 

while the residual heat is assumed to be recovered and sold as district heating during the heating season 

(assumed to correspond to 5,000 hours per year). 

2.2.2 Case B – Integrated biomass gasifier for methanol production in a pulp and paper mill 

In this case, the PEBG replaces the bark boiler in the pulp and paper mill. The most important constraint in this 

case is that the steam balance of the mill is maintained. Therefore the gasification plant is dimensioned to deliver 

the same steam data to the mill as the existing bark boiler does. It was furthermore assumed that the steam 

system of the gasification plant is completely integrated with the steam system of the mill with one common 

steam turbine. It was also assumed that the bark originally used in the bark boiler could be milled and used as a 

fuel in the gasifier, with purchased biomass as additional fuel if required. The excess off-gas (tail gas) from the 

methanol synthesis loop is assumed to replace/reduce the large oil demand in the lime kiln. The surplus tall oil 

can be sold on the market. 

2.2.3 Case C - Integrated biomass gasifier in parallel operation with black liquor gasifier  

In Case C, the heat recovery boiler is replaced by a black liquor gasifier operating in parallel with the PEBG. 

The two gasifiers share an air separation unit (ASU), gas cleaning and methanol synthesis as an attempt to reach 

economy-of-scale effects. Also here, the most important constraint is to maintain the steam balance of the mill. 

According to Ekbom, et al. [14], a major part of the sulphur in the black liquor will be converted into H2S when 

it is gasified. Hence, weaker green liquor is produced compared to when the black liquor is combusted in a 

recovery boiler. In the recovery boiler, the sulphur is recovered as Na2S and dissolved in water to be hydrolysed 

to NaHS and NaOH. Ekbom, et al. [14], assume that the lower content of NaOH in the green liquor can be 

compensated by increasing the causticization by 25%. The excess off-gas from the methanol synthesis loop is 

assumed to replace/reduce the tall oil demand in the lime kiln. The surplus tall oil can be sold on the market. 

 

3. Modelling material and energy balances 

The gasifier, the gas conditioning and synthesis were modelled in the commercial software Aspen Plus for 

material and energy balance calculations. The outputs served as inputs for the process integration studies, where 

the pulp and paper mill model based on the reMIND methodology was used. An iterative modelling approach 

(see Figure 2) between the two models was adopted to ensure that all constraints of the pulp and paper mill, as 

well as for the gasification plant, were met. The mass and energy balance results from the Aspen modelling of 

the stand-alone case (Case A) were directly used as inputs for the techno-economic evaluation. 

 

Figure 2. Workflow approach for the integrated system solutions. 
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3.1 The reMIND model 

A detailed mathematical process integration (PI) model of an existing pulp and paper mill was used for the 

system studies in which the gasifiers were integrated with the mill (Case B and Case C). The whole pulp and 

paper mill is used as system boundaries in this study to apply a more global approach in order to avoid sub-

optimization of the system. The PI model is based on mathematical programming using mixed integer linear 

programming (MILP) through the Java-based software tool reMIND [15]. The model structure is represented by 

a network of nodes and branches, each node contains linear equations to express the materials and energy 

balances of each steam generating units and steam consumers in the mill. The branches connect the steam 

generating units and steam consumers in the mill, by representing the internal network of material and energy 

flows. The methodology and plant simulation of the considered base mill are described in detailed in [16].  

3.2 Aspen Plus process model 

Figure 3 shows a schematic model of the main processes in the plant. The dashed line is valid in the case where a 

black liquor gasifier is operated in parallel to the PEBG. More detailed descriptions of each sub-process and how 

they are modelled in Aspen Plus are found below. 

 

Figure 3. Simplified flow sheet for the methanol production plant. 

3.2.1 Fuel pre-treatment 

To obtain high carbon conversion rates, good syngas quality and steady operation in the reactor, pre-treatment of 

the incoming biomass is required. The biomass feedstock is dried in an indirectly heated rotary dryer to the 

desired water content and ground into sufficiently small particles. In the model, the incoming biomass is 

specified according to the ultimate and proximate analysis. The specific power consumption of the dryer was set 

at 15 kWh/wet tonne [12]. The incoming biomass was assumed to be dried to a water content of 8 wt%. 

The energy consumption for size reducing untreated woody biomass (moisture content up to 13%wt.) is 

investigated by Bergman et al. [17]. Based on the LHV, 1-3% of the thermal input is required for power 

consumption for size reducing to an average particle size between 0.6-0.8 mm. In the modelling, 3% of the 

thermal input was assumed. 
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3.2.2 The biomass gasifier (PEBG) 

An air separation unit (ASU) is used to supply pure oxygen to the gasifier(s). The power demand for a cryogenic 

air separation unit producing oxygen with 99.6 mol% purity consumes 1.0 MWe/(kg-O2/s) [4]. 

The gasifier unit was modelled in a detailed manner treating the major reaction steps in the gasifier separately 

(drying, pyrolysis, combustion and gasification). The zones are internally connected by material and heat 

streams, as illustrated in Figure 4. All zones are represented by conventional Aspen Plus blocks, except for the 

Pyrolysis zone, where an external calculator was included in the model. This approach increases the 

dependencies among various parameters and the outcome from the gasifier [18]. The temperature of the syngas 

leaving the reactor was assumed to be 1200 °C after which the gas is partially quenched to 500 °C. The 

gasification pressure was set at 30 bar(a) in all the modelling cases.  

 

Figure 4. Schematic description of an entrained flow biomass gasifier model. 

3.2.3 Black liquor gasification 

The black liquor gasifier was modelled using the same approach as described for the PEBG and the results were 

validated against gas composition data presented in[19]. The largest difference between gasification of solid 

biomass fuels and black liquor gasification is the ash content. Typical black liquor contains 19.4 wt% sodium 

and 5 wt% sulphur [19]. These two components react together and with other constituents in the black liquor to 

form NaOH, Na2S, Na2CO3, Na2SO4 and H2S. The sodium compounds are separated from the syngas in the 

quench as a melt, which is the basis for the green liquor. 36% of the incoming sulphur is assumed to react with 

hydrogen forming H2S [20] and will leave the reactor in gas phase. 

3.2.4 Water gas shift and gas cleaning 

For the downstream catalyst, a hydrogen to carbon monoxide ratio slightly above 2 in the syngas favours the 

methanol generation [11]. The actual H2:CO ratio of the gas leaving the gasifier is typically around 0.55 [21]and 

needs therefore to be increased prior to the methanol synthesis. A sulphur tolerant water gas shift (WGS) reactor 

adjusts the ratio to the desired one by converting CO and steam (30 bar) to H2 and CO2. 

An acid gas removal (AGR) unit is placed before the synthesis loop, to remove the sulphur contaminations as 

well as CO2, NH3 and HCl. The AGR unit uses cooled methanol to remove separated unwanted impurities and 

gas species, similar to the Rectisol® process [4]. In the case when the black liquor gasifier operates in parallel to 

the PEBG, the sulphur content in much higher in the syngas. The sulphur rich stream from the AGR process is 

then sent to a Claus sulphur recovery unit, where elemental sulphur is recovered [14]. 

3.2.5 Methanol synthesis 

The pressure of the shifted and cleaned syngas is raised to the operating pressure of the catalyst (106 bar with a 

Δp of 8 bar [6]) by a multistage compressor. The low conversion rate in the catalyst requires recycling of the gas. 

A fraction (~5%) of the recycled gas is withdrawn in order to prevent accumulation of inert gas in the methanol 

synthesis loop. These fractions of gases (off-gases) can be combusted in an off-gas boiler for heat production. 

Before recycling the gas, methanol, water and some carbon dioxide are separated for further purification. More 

than 98% of the methanol is recovered in the distillation column. The heat needed for distillation is generated by 

4 bar steam condensation. Steam is raised in the methanol synthesis both by maintaining a constant exit 

temperature of 260 °C out from the catalyst and by cooling the outgoing gas prior to the methanol separation. 
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4 Techno-economic evaluation 

4.1 Efficiency calculations 

Two different efficiencies of the gasification plants were calculated; the biomass-to-methanol efficiency and the 

overall energy system efficiency. The biomass-to-methanol efficiency was calculated as the annual methanol 

energy output divided by the annual biomass energy use. 

For the calculation of overall energy system efficiency, electricity equivalents were used. All energy carriers 

were converted to electricity equivalents according to the efficiency of the best-available technologies, see Table 

2. To analyse the effects on the overall energy system and determine the best system alternative for producing 

methanol (i.e. integrated or non- integrated), Case B and Case C are compared to the original operation of the 

mill and the stand-alone plant (Case A) according to the system boundaries that are defined by the dashed lines 

in Figure 1. Biomass used directly for the pulp making and the final pulp products are not included in the 

calculation of the overall energy system efficiencies. 

Table 2. Power generation efficiencies used for calculation of electricity equivalents. 

Energy carrier Power generation efficiency Reference 

Biomass 46.2% [11] 

Methanol 55.9% [11] 

Tall oil 55.9% Assumed the same as methanol 
District heating 10% [11] 

 

4.2 Energy market scenarios and capital cost  

Price levels and exchange rates for 2011 (9.03 SEK/EUR and 6.5 SEK/US$) were used for monetary 

conversions. The annual operation time of the gasifiers and the pulp mill was set at 8000 hours. The economic 

result is strongly dependent on the price formation on raw materials and future charges for CO2-emissions. 

Therefore, the cases are evaluated under four different future energy market scenarios (see Table 3). The energy 

market scenarios for the year 2030 were developed by [22, 23], where assessments were made regarding future 

fossil fuel price level, CO2 emissions charge and policy support for renewable energy production.  

Table 3. Energy market scenarios [22, 23]. 

Scenario  1 2 3 4 

Fossil fuel price level  Low Low High High 

CO2 charge  Low High Low High 
Prices and policy instruments      

Wood fuel EUR/MWh 32 58 35 61 

Electricity EUR/MWh 69 92 75 100 
Heavy fuel oil (incl. CO2 charge) EUR/MWh 46 68 68 91 

Tall oil (selling price) EUR/MWh 35 35 58 58 

Methanol (selling price) (a) EUR/MWh 59 79 91 113 
CO2 charge EUR/tCO2 36 111 36 111 

Renewable electricity policy support EUR/MWh 26 26 26 26 

Biofuel policy support EUR/MWh 47 68 20 42 
District heating  EUR/MWh 19 50 27 57 

a) scenario 1, the methanol price has been set to the current selling price level (January, 2012) [24]. 

b) For each future scenario, the methanol prices have been scaled in the same way as DME has been scaled in the study by [1].  

For the integrated system, it was assumed that investments in new boilers are necessary. The investment cost for 

a new boiler was included in the annual system cost for the business-as-usual operation, calculated from the 

boiler investment cost to capital cost by assuming an economic lifetime of 20 years and an interest rate of 10%. 

Investment cost references for the bark boiler and recovery boiler are presented in Table 4. 

The annual operation and maintenance cost for Cases A-C was taken from the BIGDME-biorefinery case 

published in [1]. It was assumed that the cost can be scaled after the thermal input of biomass and black liquor to 

the gasifiers for all cases. Annual operation and maintenance cost for the pulp and paper mill was taken from the 

“Mill stand-alone case” presented in [1]. In Case A, the residual heat was assumed to be sold as district heating 
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during 5,000 hours per year. It should be noted that the sulphur recovered in the Claus recovery unit was 

included in neither the efficiency calculations nor the methanol production cost estimations. 

The investment cost is the sum of the specific investment costs for the major units of the plant (gasifier, WGS, 

ASU, etc.). The investment costs for each unit were calculated according to the actual capacity, reference size 

and reference investment cost according to (1): 

            
 

    
 
 

   (1) 

where IC and P denote the investment cost and size, respectively. The subscript (ref) refers to the investment 

cost and size of the reference plant. F is the overall installation factor and n denotes the scale factor. The 

calculated total investment of a plant is generally an uncertain value, and according to [7] the uncertainty may be 

as much as ± 30% of the total investment. The reference investment cost was converted into the price level of 

2011, by multiplying the ratio between the Chemical Engineering’s Plant Cost Index (CEPCI) of the year 2011 

and CEPCI in the year the reference investments were made. Reference size and cost for the major units in the 

plant are all summarized in Table 4. 

Table 4. Reference investment cost in MEuro. 

Cost Reference Size unit 

Reference 

Size 

Cost 2011 

(MEuro) Scale factor (a) 

Overall 

installation 

factor Ref. 

Recovery boiler (b) Tons BL/day 3420 136 0.7 1.10 [14] 

Bark boiler(b) MWth 46 24 0.7 1.00 [1] 

Pre-treatment Wet Tons/h 34 9 0.79 2.00 [6] 

Air separation unit Tons O2/day 1001 47 0.85 1.30 [6] 

BLG gasification unit and cooling unit Tons BL/day 3420 92 0.7 1.10 [14] 

Biomass gasification unit kg/h  220 0.3 0.75 1.86 [25] 

Gas cleaning unit (pre-wash, CO-

shift, CO2-sep) 

kg/s dry syngas 

flow 
37 38 0.7 1.10 [14] 

Claus Sulphur plant (c) Tons BL/day 3420 10 0.7 1.10 [14] 

Methanol synthesis unit 
(incl. compressor & storage) 

Tons MeOH/day 1183 65 0.7 1.10 [14] 

Off-gas boiler MWth 355 42 1.0 1.49 [4] 

District heating HEX MWth 355 42 1.0 1.49 [4] 

Balance of plant(d)  2 % of the total investment cost [14] 

Indirect capital cost(e)  42% of the total investment  

a) A scale factor of 0.7 has been assumed for investments if not specified in the reference. 

b) The investment cost for the recovery boiler and bark boiler are used for the incremental capital cost calculations in Case B and Case C.  

c) It is assumed that same amount of sulphur can be recovered in the Claus unit per tonne black liquor as in [14]. 

d) Same percentage of the total investment cost, as in [14] is assumed. 

e) Includes costs for project administration and development, legal permits, engineering, interest during construction, insurance, working capital etc.  

The annual capital cost was calculated by multiplying an annuity factor to the investment cost of the gasification 

plant. An annuity factor of 0.12 corresponding to an economic lifetime of 20 years and a 10% interest rate was 

used. 

4.3 Sensitivity analysis  

A sensitivity analysis was carried out, where identified parameters with potentially high influence on the 

investment opportunities and methanol production cost were investigated. The studied parameters are: 

 If the income from the biofuel policy support is added to the methanol selling price, the revenues from 

each unit of methanol sold increase by 22-86% depending on the scenario. The total revenues are 

therefore very much influenced by the level of biofuel policy support. The effects on the methanol 
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production cost were analysed in the range of 100% support being received according to each scenario to 

a totally removal of the support.  

 

 Not all off-gas is suitable for utilization in the lime kiln and it is possible that no surplus tall oil will be 

available for market sales. Therefore, the economic influence on the surplus tall oil sales is investigated. 

 

 The capital cost is a critical and uncertain parameter for the process economics. In the analysis the 

annual capital cost is assumed to change ± 30%. 

 

 The influence of the operation and maintenance cost was studied by varying it in the range of ± 30%. 

  

 Three operational plant parameters were investigated with potentially vital influence on the process 

economics. The influences of a separate change in methanol production by ± 10%, electricity 

consumption in the gasification plant by ± 30% or annual operation time ± 8%, were analysed.  

Biomass is often associated with one of the largest annual costs, and a lower biomass price therefore creates 

more favourable conditions for a lower methanol production cost. As a complement to the future market 

scenarios the economic feasibility of the case was also analysed in a “today scenario”, where methanol is sold to 

replace fossil gasoline (selling price 1.67 Euro/litre) and has a distribution cost of 0.222 Euro/litre per gasoline 

equivalent. A biomass price of 22 Euro/MWh [26], an electricity price of 66 Euro/MWh [27], a renewable 

electricity support of 6.9 Euro/MWh and no biofuel support were used together with a district heating selling 

price of 50 Euro/MWh, while the other parameters were assumed to be the same as in Scenario 1. 

 

5. Results and discussion 

A gasification model was developed using Aspen Plus and used together with a detailed process integration 

MILP-based model of an existing pulp and paper mill. This was done in order to assess potential energetic and 

economic benefits gained by replacing a boiler at the mill with a PEBG unit for methanol production. The 

economic analysis was carried out using four different future energy market scenarios. Table 5 shows the 

resulting overall energy and material balances of the different cases. The energy balances for Cases B and C also 

include required operational changes in the pulp and paper mill due to the integration of the gasification plant. 

Table 5 also shows the specific investment cost of the major units as well as the operation and maintenance costs 

for each case. In all cases, the investment costs for pre-treatment, air separation unit and gasifier(s) represent the 

major part of the investment cost for equipment (56-66%). Case C shows the lowest specific investment of 

approximately 1.6 MEuro/MWh methanol produced. In Cases A and B, the specific investments are around 2.0 

MEuro/MWh of methanol and 1.8 MEuro/MWh of methanol produced, respectively. At the pulp and paper mill 

necessary biomass handling infrastructure is in place, which may reduce the investment cost for a methanol 

production plant. This is especially true for Case B, where the capacity of the plant (338 MWth) does not impose 

very large changes for the incoming biomass handling infrastructure. These benefits are not addressed in the 

economic evaluation.  
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Table 5. Overall annual energy and material balances and capital investment costs. 

Plant production 
Comment Unit 

Ref 

P&P(a) Case A Case B Case C 

Consumables             

Biomass input capacity/Black liquor  As received, 40 % moisture  MW 51(b) 338 338 
816 

(199)(c) 

Biomass, annual input As received, 40 % moisture tonnes 121 864 840622 840622 2029430 

Power consumed   MW 50 41 91 161 

Ash disposal 2 % of dry biomass tonnes/year 
 

12609 12609 30441 

Oil   MW 5 
   

Products 
            

Methanol   MW   187 187 539 

Methanol, annual output   tonnes   270080 270080 779713 

Tall oil    MW     17 17(d) 

Tall oil, annual output   GWh/year     136 136 

Power produced 
  MW 35   29 0(e) 

Heat/steam produced   MW 208 55 30 135 

Heat, annual output 
  GWh/year   275(f)     

Capital investment cost(g) 
  

Unit 
     

Pre-treatment   MEURO 
 

37 37 99 

Air separation unit   MEURO 
 

43 43 109 

BLG gasification unit and cooling unit   MEURO 
   

72 

Biomass gasification unit and colling unit (h) MEURO 
 

65 65 127 

Gas cleaning unit (pre-wash, CO-shift, CO2-sep) MEURO 
 

33 33 70 

Sulphur handling (Claus plant)   MEURO 
   

7 

Methanol synthesis unit (incl compressor & storage) MEURO 
 

57 57 119 

Off-gas boiler   MEURO 
 

10 
  

District heating HEX   MEURO 
 

10 
  

Balance of the plant   MEURO 
 

5 5 12 

Recovery boiler   MEURO 106 
   

Bark boiler   MEURO 24 
   

Equipment and assembly 
 

MEURO 24/106(k) 260 240 615 

Indirect cost (42% of Equipment and assembly) MEURO 10/44(k) 109 101 258 

Total investment cost 
 

MEURO 35/150(k) 369 341 874 

O&M(i) 
 

MEURO/year 2 27 24 82 

Capital costs(j) 
 

MEURO/year 4/18(k) 44 40 103 

a) Refers to business-as-usual operation of the pulp and paper mill. All residual heat is used internally. 

b) Total biomass use in the bark boiler.  

c) In Case C, 44 MW of biomass is supplied to the bark boiler. The total biomass use is 864 MW (PEBG and bark boiler) plus 199 MW of black liquor in the 

BLG. 

d) In Case C, the causticizing load of burnt lime is assumed to increase by 25%. To satisfy the increased demand, 22 MW must be supplied from off-gases. 

17 MW of surplus tall oil will be available for market sales. 

e) A significant decrease in internal electricity production occurs with the assumed gasifier capacities. Neither the electricity production nor the investment 

has been included. 

f) District heating has been assumed to be sold during 5000 hours per year to the district heating network. 

g) Capital investment costs are calculated according to the described methodology in chapter 4.2. 

h) Investment is valid for 4 parallel biomass gasifier units, each with a third of the needed capacity, for enable maintenance of one unit while operating at full 

capacity in the other three units.  

i) Costs for wages, insurance and chemical, water and ash disposal are assumed to be included in the annual operation and maintenance cost. 

j) An annuity factor of 0.12, corresponding to an economic lifetime of 20 years and a 10% interest rate, has been used 

k) For the integrated systems, it has been assumed that investments of new boilers are necessary. The capital cost of the bark boiler is used in Case B, for 

comparing added value effects from an integration, while the capital cost for the recovery boiler is used for comparison in Case C.   
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The biomass-to-methanol efficiency was calculated at 55% in Cases A and B, while Case C shows a slightly 

lower efficiency, 53%. The overall energy system efficiency (calculated as electricity-equivalents) of the studied 

cases was estimated by the incoming and outgoing energy flows over the systems’ boundaries represented by 

dashed boxes in Figure 5. The results show that the system configurations according to the original operation of 

the mill and the non-integrated Case A reach an overall system efficiency of 50%. By integrating a PEBG unit 

and replacing the bark boiler (Case B), the overall system efficiency increases to 57%. With the integrated 

gasifier capacities chosen in this study, the net steam production supplied to the mill is more or less only 

sufficient to cover the steam demand of the different sub-processes of the mill. In the case where the PEBG unit 

is operated in parallel with BLG (Case C), hardly any high pressure steam is expanded in the steam turbine. 

Hence, the electricity production decreases from 35 MW (Case A) to only 4 MW for Case C. This significant 

decrease would probably require a new steam turbine, which is not considered in the current analysis of the 

electricity production. However, an overall system efficiency increase of 7%-units is gained by removing the 

heat recovery boiler (in Case A) in favour of integrating PEBG in parallel operation with BLG (Case C), same 

increase as between Case A and Case B.  

 

Figure 5. Incoming/outgoing energy and material flows for the different cases. The dashed boxes represent 

the system boundaries used for the overall energy efficiency calculations.   

The selling price of methanol (see Table 6) is estimated at 58, 78, 89 and 111 Euro/MWh in Scenarios 1-4, 

respectively. At a low fossil fuel price level and high CO2 charge (Scenario 2) the analysis show reduced 

economic benefits from process integration. For all the other considered scenarios, favourable economic benefits 
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with integration compared to stand-alone operation are obtained. Compared to the production cost of methanol 

(see Table 6), Case B shows the largest economic net marginal in Scenario 3 (6 Euro/MWhMeOH). This is valid 

when the costs and revenues from other products (electricity, heat, tall oil, etc.), annual capital cost and the 

biofuel policy support are included in the methanol production cost calculation. The stand-alone unit (Case A) 

shows a negative marginal in each scenario, while Case C shows breakeven production cost compared to the 

selling price in two scenarios (Scenario 1 and 3) and a negative marginal in the other two. The effect of the zero 

net electricity production in Case C is the main explanation in these economic results. Together with the low 

biomass-to-methanol efficiency, this points out that the full integration case configuration (Case C) is far from 

optimal from an a economic point of view and an adjusted configuration would most probably end up in more 

favourable economic results. 

Table 6. Methanol production costs for Case A-C during the different market scenarios. 

    

Euro/MWh 

(incl. biofuel 

support) 

Euro/petrol eq. 

litre (incl. biofuel 

support) 

Methanol 

selling price 

Euro/MWh 

Scenario 

1 

Case A 116 (70) 1.04 (0.62) 

59 Case B 101 (55) 0.91 (0.49) 

Case C 105 (59) 0.94 (0.52) 

Scenario 

2 

Case A 163 (96) 1.46 (0.85) 

79 Case B 147 (80) 1.31 (0.70) 

Case C 151 (84) 1.35 (0.74) 

Scenario 

3 

Case A 121 (101) 1.08 (0.90) 

91 Case B 105 (85) 0.94 (0.75) 

Case C 110 (90) 0.99 (0.80) 

Scenario 

4 

Case A 169 (128) 1.51 (1.14) 

113 Case B 151 (110) 1.35 (0.98) 

Case C 157 (116) 1.40 (1.03) 

 

Figure 6 shows the methanol production cost as a result of the sensitivity analysis. The costs and revenues of 

other products (electricity, heat, tall oil, etc.), are included in the production cost calculation for methanol. As 

seen in Figure 6, the production cost is strongly dependent on the biofuel policy support. The relative increase in 

support is especially evident in Scenario 1 and Scenario 2, in which the biofuel policy support was assumed to be 

highest. One large uncertainty is the investment cost calculations. An investment cost change of 30% results in a 

methanol production cost change in the range of 4-8%, depending on case and scenario. Slightly smaller 

influences are observed for the production cost when the operation and maintenance cost changes within the 

same range. The methanol yield has a large influence on the production cost. A 10% change in the methanol 

yield results in a production cost increase/decrease by 9-11% in all scenarios. If no surplus tall oil is available for 

sale (i.e. off-gases not used to replace the tall oil in the lime kiln) the changes are marginally small for Case C. 

The methanol production cost in Case B will increase more than in Case C, with the highest production cost 

increase noticed in Scenario 3 (where no surplus tall oil is available for sale). None of the assumed plant 

improvements (increased methanol production, decreased O&M or investments cost, etc.) can by themselves 

cover the loss of a reduced or removed biofuel policy support. Thus, it is obvious that economic policy support is 

required to make methanol production via PEBG economically feasible. The importance of the biofuel support is 

also evident from the result in the “today scenario”, where the lack of biofuel support could not be compensated 

by a lower biomass price compared to the methanol selling price in Scenario 1. An approach to implement 

biofuel policy support could be to exempt renewable motor fuels (here methanol) from taxes. When methanol is 

hence exempted from taxes and under the assumed economic conditions specified for the today case, all cases 

would be economically feasible. 
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Figure 6. Results of the sensitivity analysis for Cases A-C. 

A cash flow analysis was carried out (see Table 7), which concerned a start-up period, but no other yearly 

differences during the economic lifetime. The cash flow analysis indicates that Case C would be the best 

investment in prevailing conditions, but Cases A-B still show attractive investment opportunities. With the same 

distribution cost of 0.222 Euro/litre added to the production cost of methanol in Scenarios 1-4, none of the cases 

would display a positive net marginal, compared to the selling price of methanol.   

Table 7. Return on investment for the today scenario and methanol production cost. 

Results Case A Case B Case C 

Methanol production cost
(a) 

 104  98 101 

Pay-back time 
 

4 years 3.7 years 3.6 years 

Internal rate of return
(b)

 24% 27% 28% 
a) Production cost in Euro cents per gasoline litre equivalent including a distribution cost of 22.2 cents/litre. Valid for an annuity factor of 

0.12 corresponding to an economic lifetime of 20 years and a 10% interest rate. 

b) The production is assumed to be at 25% of the full capacity during the first year and increase 25% annually until the start-up period 

ends. A fossil gasoline price of 166.7 cents/litre is used for the evaluation of IRR, the price includes production, distribution, energy tax, 

CO2-tax and VAT. 
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6. Conclusions 

Replacing the bark boiler in a pulp and paper mill in favour of PEBG for methanol production (Case B) increases 

the overall plant efficiency by 7%-units (calculated as electrical equivalents) compared to the original operation 

of the mill operating together with the non-integrated PEBG concept (Case A). However, substantial increases in 

the imports of biomass feedstock and electricity are needed in order to fulfil the steam demand of the mill. Case 

C has the same overall plant efficiency increase as Case B (compared to Case A), because the negative effects 

from zero electricity production is vanished in comparison to the positive effects from the high internal use of 

resources (black liquor and biomass). However, the effect of the zero net electricity production in Case C 

becomes evident in the economic results and is one of the main reasons why Case C consistently has a higher 

methanol production cost then Case B in all scenarios. For all the cases, it is obvious that a biofuel policy 

support is needed in order to make production of biomethanol economically competitive for the considered 

process concepts. In comparison to the stand-alone plant (Case A), the methanol production cost is lowered in 

the range of 60-100 Euro/tonne for the integrated Cases B and C. Still, only Case B can show a small net profit 

when the assumed support is included. The profit is small and when the cost for distribution is added to the 

production cost the economic marginal will disappear. 

Under similar conditions as today, attractive investment opportunities are shown for all cases if the methanol is 

exempted from taxes and sold to replace fossil gasoline. The economics-of-scale is apparent and the parallel 

operation of a biomass and a black liquor gasifier (Case C) seems to be the most attractive alternative when 

considering the internal rate of return and payback time.    
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ABSTRACT  

Ammonia (NH3) can be produced by synthesis of nitrogen 
and hydrogen in the Haber-Bosch process, where one of the 
challenges is the availability of a sustainable and economic 
hydrogen source. Natural gas is currently the main 
feedstock for NH3 production and a more environmentally 
sustainable alternative could be the use of biomass-based 
synthesis gas. The main objective of this paper is to perform 
a techno-economical evaluation of the production of 
biomass-based NH3 from the integration of a pressurized 
entrained flow biomass gasifier (PEBG) in a paper and pulp 
mill. The synthesis and ammonia production were modelled 
in Aspen Plus, while a process integration model based on 
Mixed Integer Linear Programming (MILP) of an existing 
pulp and paper mill in Sweden was used to analyse the 
effects on the overall energy system of the mill. The 
approach to the integration between the two models was 
an iterative procedure, the most important constraint being 
the conservation of the steam balance in the mill. The 
results showed that the overall system efficiency (calculated 
in terms of electricity equivalents) is increased by 10%-units 
compared to the original operation of the mill where also 
the operation of a non-integrated gasification plant for 
ammonia production is included. The integrated process 
configuration produces NH3 to a cost of 458 €/t and 
requires a relative high selling marginal to be economically 
feasible.   

 
Keywords: Biomass, Gasification, Ammonia, Integration 
Pulp and paper mill 

NOMENCLATURE  

Abbreviations 
ASU  Air separation unit 
BAU  Business-as-usual 

BB  Bark boiler 
HP  High pressure 
HRB  Heat recovery boiler 
IRR   Internal rate of return 
MILP  Mixed integer linear programming 
MP  Medium pressure 
LP  Low pressure 
PEBG  Pressurized entrained flow gasifier  
PI  Process integration 
S-A  Stand-alone 
WACC  Weighted average cost of capital 

1. INTRODUCTION  

Ammonia (NH3) is one of the most produced inorganic 
chemicals worldwide, with a total global production of 109 
Mt in 2009 [1]. Ammonia can be produced via synthesis of 
nitrogen and hydrogen using the Haber-Bosch process. The 
current most common source of hydrogen is fossil natural 
gas reforming. An alternative, renewable source is thermal 
gasification of biomass. Pressurized entrained flow biomass 
(PEBG) gasification provides the opportunity to produce a 
high quality syngas with a technology suitable for large 
production capacities.  

The energy intensive pulp and paper industry provides an 
excellent opportunity for polygeneration of biomass-based 
chemicals, due to the existing infrastructure for biomass 
handling and the possibility to fully exploit by-products. 
Furthermore, the industry is facing increased energy prices 
and stronger competition on raw materials [2]. It is 
therefore important to find new options to add extra 
streams of revenues to their existing production.  

The main aim of this work is to investigate potential 
technical and economic benefits deriving from the 
integration of a PEBG plant for ammonia production in an 
existing Swedish pulp and paper mill. The result is compared 
with ammonia production in a stand-alone biomass gasifier. 
The objectives are to find possible and measurable added 
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values in the integrated system solutions compared to 
stand-alone units and the original operation of the mill. This 
is done by calculating the overall system efficiency and 
evaluating the process economics by calculating the 
ammonia production costs complemented with a cash flow 
analysis.  

2. MATERIAL AND METHOD 

A detailed overall process integration (PI) model of an 
existing pulp and paper mill in northern Sweden was used 
to study the potential integration of a pressurized entrained 
flow biomass gasifier plant for ammonia production. The PI 
model is built in a Java-based software – ReMIND, based on 
mixed integer linear programming (MILP). The model is 
composed of branches and nodes, where each node 
describes a steam process unit in the mill. These are 
represented by a linear equation expressing the materials 
and energy balances of the specific unit. Branches are used 
to connect steam generating units and steam consumers, 
and represent the network of material and energy flow in 
the mill. The PI model of the existing mill configuration was 
validated against operational data (the model and model 
development are further described in [3]). A detailed Aspen 
Plus process model was used to model energy and material 
balances of the fuel pre-treatment, biomass gasifier, syngas 
conditioning and ammonia synthesis. The balances from the 
Aspen Plus model was supplied as input to the PI model, 
where the most important modelling constraint was to 
maintain the process steam balance of the mill. An iterative 
approach was adopted when combining the two models. 

2.1 Pulp and paper mill 

The mill consists of two major processing lines: the fiber 
line and the chemicals recovery loop. The fiber processing 
line extends from the digester to the outgoing pulp and 
paper, see Figure 1.  

 

 
Figure 1 Conventional fiber line and chemical looping. 

 
In the processing line, cooking chemicals (white liquor) 

and heat are used to dissolve the binding agent in wood 
(lignin) in order to release the cellulose fibers needed as 
raw material for the pulp and paper. The black liquor (BL) is 
a by-product from the pulp making, containing the spent 
cooking chemicals and organic matter. The recovery of 

these chemicals is necessary to make the process 
economically feasible. The solid content of the BL is 
concentrated in multi-effect evaporators before being 
burned in a heat recovery boiler (HRB). The combustion of 
organics provides energy to produce high pressure (HP) 
steam and to carry out the reduction reactions to recover 
cooking chemicals. Sodium hydroxide (NaOH) and sodium 
sulfide (Na2S) are the main component in the white liquor 
solution, generated by passing the recovered cooking 
chemicals through the causticizing plant. In process of 
concentrating the BL, rosin soap is precipitated. The rosin 
soap is further processed into tall oil, used for fuel in the 
lime kiln.  

More HP steam is produced in the bark boiler (BB) using 
the internal surplus of bark with the required extra biomass 
(or oil) to cover the steam demand of the mill. The 
produced HP steam expands to medium pressure (MP) and 
low pressure (LP) steam in a back-pressure turbine. A small 
quantity of the steam is extracted at 30 bar for soot-blowing 
for the HRB, while MP and LP steam are consumed in the 
internal processes in the pulp and paper mill. The back-
pressure turbine has a power output of 35 MWe.  

2.2 Pre-treatment and gasification modelling 

The syngas for the ammonia production plant is 
generated via a 243 MWth pressurized entrained flow 
biomass gasifier (PEBG). This gasification technology yields a 
nearly tar and methane free syngas, due to the high 
temperature inside the reactor.  

Before the fuel is supplied to the reactor, the moisture 
content and the particle size must be reduced. In Aspen Plus 
a black-box modelling approach is applied for the drying and 
for the size reduction (milling). The incoming biomass is 
specified according to the ultimate and proximate analysis 
of the fuel. The dryer is modelled as an indirectly heated 
rotary dryer, with a specific power consumption of 15 kWh 
per wet tonne of biomass [4]. The moisture content in 
biomass is reduced from above 40% to 8%.  

Particle sizes smaller than 1 mm are required for 
entrained flow biomass gasifiers. According to [5], up to 1-
3% of the thermal input of biomass (based on LHV) can be 
required in terms of specific electricity consumption for 
reducing the particle size of woody biomass to less than 1 
mm. The power consumption increases significantly if the 
required particles sizes are even smaller. In the modelling 
the power required for this operation was assumed to be 
3% of biomass thermal input.  

Biomass powder was assumed to be pressurized using 
screw feeders, which require an inert gas as well as 
electricity. According to [6], the specific electricity 
consumption is 0.02 kWel per kWth of biomass for 
pressurization of biomass powder up to 40 bar. 
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Usually nitrogen is an undesired inert gas in various 
gasification synthesis applications, but not for ammonia 
synthesis as it is produced by the reaction between N2 and 
H2 [7]. The use of air as gasification agent would drastically 
decrease syngas quality, the alternative being pure oxygen 
(imported or from an installed air separation unit). The uses 
of oxygen as gasification agent and small biomass particles 
in a pressurized environment are the main features of high 
temperature gasification process leading to a high quality 
syngas. Furthermore, a molar ratio between hydrogen and 
nitrogen of 3 to 1 is optimal for ammonia production [8], 
but this ratio could not be controlled if air were used. 
Oxygen was therefore chosen as gasification agent, 
produced by a cryogenic air separation unit (ASU) in which 
the power demand for producing oxygen with 99.6 mol% 
purity is 1.0 MWe per kg-O2/s [9]. Downstream the gasifier 
and the gas cleaning units, nitrogen from the ASU is mixed 
with the nearly pure stream of hydrogen to the desired 
molar ratio.  

The PEGB unit was modelled in a detailed manner by 
treating the dominant reaction steps in the gasifier 
separately, i.e. drying, pyrolysis, combustion and 
gasification. The pyrolysis step is modelled using empirical 
relationships by an approach developed and described in 
[10]. Furthermore, equilibrium restrictions are implemented 
to prevent underestimations of the methane and tar 
content in the outgoing syngas. This approach provides a 
better simulation of a pressurized entrained flow reactor 
[11]. A gasification pressure level of 30 bar(a) was assumed 
in the model. The temperature of the raw syngas leaving 
the reactor before entering the quench was assumed to be 
1200°C. The quench section partially quenches the syngas 
down to 500°C using water jets and a water reservoir where 
the syngas is bubbled through. After the quench the 
residual heat is recovered for steam generation. A 
schematic process overview of the gasification plant is 
shown in Figure 2.  

2.3 Gas conditioning and ammonia synthesis 

A water gas shift (WGS) reactor is used to increase the 
hydrogen content in the syngas. The shift process consists 
of one high temperature and one low temperature catalytic 
reactor, where hydrogen and carbon dioxide are produced 
by the reaction between carbon monoxide and water in the 
syngas and from the supplied 30 bar steam.  

An acid gas removal (AGR) unit is placed after the shift 
reactor in order to remove any acid gas contaminations as 
well as CO2. The AGR unit uses cooled methanol as a 
physical solvent to remove the unwanted impurities and gas 
species similar to the Rectisol® process [9]. 

As a final purification step, a liquid nitrogen wash (or N2 
wash) is used. The N2 wash is located downstream the AGR 
unit and uses the already cooled gas stream (below -50°C). 

Methanol and the remaining traces of CO2 in the syngas 
need to be removed before the N2 wash to avoid freezing 
problems in the cold box heat exchanger [8]. The main task 
for the N2 wash is to remove the remaining CO content, 
because it acts as a poison for the ammonia catalyst [8]. 
Pressurized nitrogen and the syngas are cooled down 
against the product streams (outgoing syngas and off-
gases). As a result, the nitrogen will be liquefied and then 
will be fed to the top of the wash column. The cooled 
syngas enters at the bottom of the column, where inert 
gases such as methane and argon will condensate from the 
syngas whilst the liquefied nitrogen removes the carbon 
monoxide. An additional nitrogen stream is mixed with the 
outgoing syngas to achieve the desired 3:1 ratio between H2 
and N2 [8]. 

 

 
Figure 2 Schematic model over the gasification based 

ammonia production plant.  
 
The syngas is pressurized to the operating pressure of the 

ammonia catalyst (180 bar) before entering the synthesis 
loop. The ammonia synthesis takes place over an iron 
promoted catalyst [7], modelled using a Gibbs reactors with 
an outgoing gas temperature of 440°C. Typically the 
conversion efficiency is of the order of 20-30% per pass, and 
recycling of the unreacted gases is necessary to increase the 
ammonia production [12]. The ammonia reaction is 
exothermic, thus cooling of the outgoing gases generates 
high quality steam [7]. The produced ammonia is separated 
from the unreacted gases by condensation in a refrigeration 
system. Part of the recycled gas needs to be purged to avoid 
inter gas accumulation in the synthesis loop [7]. To 
compensate for the pressure drop over the catalyst, the 
recycled gas is recompressed to 180 bar before it is mixed 
with the incoming syngas.  
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2.4 Case descriptions 

A pulp mill system configuration where the bark boiler is 
removed and replaced by a PEBG unit for ammonia 
production was evaluated (Case A). The available heat 
surplus from the gasification processes is only suitable to be 
recovered as MP and LP steam. The high pressure steam 
(440°C and 57 bar) generated by the boilers in the mill is 
used to produce electricity and to some extent soot-blowing 
of the HRB, whilst MP and LP steam are necessary for the 
process units in the pulp and paper making. The integration 
was therefore done with the constraint that the MP and LP 
steam balance of the mill is unaltered. The bark originally 
used in the bark boiler is used as fuel in the gasification 
plant together with an additional amount of biomass.  

Furthermore, it was assumed that off-gas from the 
synthesis loop together with tail gas from the N2-wash can 
substitute the tall oil used in the lime kiln. The surplus tall 
oil can be sold on the market as an alternative to heavy fuel 
oil. 

Case A is compared against a stand-alone gasification 
plant (S-A) and the original operation of the pulp and paper 
mill (BAU). The stand-alone gasification plant has the same 
thermal gasification capacity and ammonia production as 
Case A, but the recovered surplus heat is here assumed to 
be sold to a local district heating network.  

2.5 Overall energy system 

The overall energy system efficiency is estimated using 
electricity equivalents, all energy carriers being converted 
to their electricity equivalents (see Table 1) according to the 
efficiency of the best-available technologies known to the 
authors.  

 
Table 1 Power generation efficiencies used for calculation 

of electricity equivalents. 

Energy carrier 
Power generation 

efficiency 

Biomass  [13] 46.2% 

Methanol  [13] 55.9% 

Ammonia a) 49% 

Tall oil b) 55.9% 

Hot water - 95 °C [13] 10% 
a) Ammonia is converted into its electrical equivalent by 

multiplying the methanol power generation efficiency with 
the ratio of the lower heating values between ammonia 
and methanol.  

b) Assumed the same as methanol 
 
 

The integrated gasification unit (Case A) is compared to 
the original operation of the pulp and paper mill (BAU) and 
the stand-alone ammonia plant (S-A) to analyse the effects 
on the overall energy system and determine the best 
alternative for producing NH3 from biomass gasification (i.e. 

non-integrated or integrated). The material and energy 
flows for the stand-alone gasification plant (S-A) are 
therefore included in the overall system efficiency 
calculation for the BAU. Biomass for pulp making and the 
final pulp products are not accounted for in the resulting 
overall energy system efficiency calculations. The system 
boundaries used for the overall system efficiency 
calculations is illustrated by the dashed boxes in Figure 3. 

2.6 Economic calculations and sensitivity analysis 

For the economic calculations it was assumed that the 
pulp and paper mill is required to invest in a new bark 
boiler. The incremental capital cost is calculated for Case A, 
as comparison between a new investment in a bark boiler 
and an investment in an integrated gasification plant for 
ammonia production. The energy balances for Cases A 
include the operational changes in the paper and pulp mill 
caused by the integration of the gasification plant. Cost and 
revenues associated with the original operation of bark 
boiler is included for the BAU, where the cost of operation 
and maintenance is taken from the “Mill stand-alone case” 
presented in [14]. 

Since currently fossil natural gas is the main feedstock 
used for ammonia production [8], the price of natural gas is 
a deciding factor for the market price of ammonia. Other 
factors would control the market if ammonia production is 
based on renewable resources, such as biomass. Therefore, 
an estimation of the required ammonia selling price that 
would make biomass based ammonia production an 
attractive investment opportunity is instead made. The 
ammonia selling price is calculated via cash flow analysis at 
three levels of internal rate of returns (IRR). In the cash flow 
analysis, a start-up period is considered, where the 
ammonia production is at 25% of maximum capacity during 
year one and increases by 25%-points per year until 
maximum production capacity is reached. The investment 
cost is assumed to be paid during a three year construction 
period. Costs and revenues from other products (electricity, 
tall oil, district heating, etc) are included in the production 
cost of ammonia. The required ammonia selling price to 
receive an internal rate of return (IRR) of 10%, 15% or 20% 
is investigated. 

The investment cost for equipment and assembly is 
calculated as the over-night installation cost by the sum of 
the major units (pre-treatment, gasifier, AGR, etc). The 
investment costs for each unit have been calculated 
according to the actual capacity, reference size and 
reference investment cost according to (1): 

 

        
 

    
 
 

   
(1) 
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where I and P denotes the investment cost and size, 
respectively. The subscripts old represent the reference size 
or cost. n is the scale factor and F is the overall installation 
factor, accounting for auxiliary equipment and/or extra 
costs associated with an investment in that specific unit. 
The investment cost references for the bark boiler and for 
the major units in the gasification plant is presented in 
Table 2. The reference investment cost is adjusted to 2012s 
price level, by using the ratio between the Chemical 
Engineering’s Plant Cost Index (CEPCI) of the year 2012 and 
the CEPCI of the year in which the reference investments 
were made.  

 
Table 2 Investment estimates for the major units.  

Cost Reference 
[ref] 

Size unit 
Ref. 
Size 

M€ 
2012(a) 

Scale 
factor 

Bark boiler [14]  MWth 46 25 0.7 

Pre-treatment [15] Wet t/h 33.5 19 0.8 

Air separation unit 
[15] 

t O2/day 1000 48 0.9 

PEBG unit [16] MWth in 0.22 0.5 0.8 

Gas cleaning [17] 
Dry gas 

feed kg/s 
37 43 0.7 

Synthesis plant 
[18] 

TPD NH3 1800 323 0.7 

Off-gas boiler [9] MWth 355 67 1.0 

District heating 
HEX [9] 

MW 355 67 1.0 

a) The reference cost is presented after the conversion to 2012s 
price level, also is the overall installation factor (F) is included 
in the reference capital investment. 

 

A factor of 42% is added to the equipment and assembly 
cost to cover indirect costs for project administration and 
development, legal permits, engineering, interest during 
construction, insurance, working capital etc. The annual 
capital cost is estimated by multiplying the annuity factor 
with the total investment cost (equipment and assembly 
plus indirect costs). The weighted average cost of capital 
(WACC) is used as interest rate for the calculation of the 
annuity factor. WACC is calculated with the specified 
financial parameters in Table 3 for the bank interest, dept 
share of investment, return on equity and equity share of 
investment. The annuity factor method is only used to 
calculate the ammonia production cost. 

A possibly future scenario in which most ammonia 
production is based on renewable resources (i.e. biomass) 
would certainly make the price for biomass a determining 
factor for the market price. The required ammonia selling 

price to receive a 15% IRR, is calculated using a biomass cost 
in the range of 11-44 €/MWh (i.e. 50% decrease up to a 
100% increase of the base value). The method for 
calculating the capital investment cost has an uncertainty in 
the range of ± 30% [19]. The required ammonia selling price 
to receive 15% IRR, is also investigated for ± 30% change of 
the gasification plant investment cost. 

 
Table 3 Financial parameters for the value year 2012. 

Financial parameter Value 

Bank interest 8 % 

Equity share of investment. 30 % 

Dept share of investment 70 % 

Return on equity 15 % 

Annuity factor 11.8 % 

Project economic lifetime 20 years 

Annual operating hours 8000 h 

Annual operating hours, district heating 5000 h 

 

3. RESULTS AND DISCUSSION 

As previously mentioned, two different system 
configurations using PEBG technology to produce ammonia 
were studied, one stand-alone plant (S-A) and one 
integrated into a pulp and paper mill (Case A). The resulting 
energy flows for the cases are presented in Figure 3. The 
overall energy system efficiency (calculated as electricity-
equivalents) was estimated using the system boundaries 
represented by dashed boxes in Figure 3. The stand-alone 
plant (S-A) has the same ammonia production capacity and 
annual demand for biomass and electricity as the 
gasification plant in Case A. The original operation of the 
mill (BAU) including the operation of the non-integrated 
stand-alone plant (S-A) has an overall energy system 
efficiency of 44%, when the delivery of 188 GWh heat to the 
district heating system is included. By replacing the bark 
boiler with the PEBG unit in Case A, two additional product 
streams (NH3 and tall oil) are added to mill existing 
production. This increases the biomass import to the mill by 
50%, while the electricity production decreases (due less 
production of HP steam) while the electricity consumption 
is almost doubled. Nevertheless, the production of 
ammonia and the possibility to export surplus tall oil 
improves the overall system efficiency by 10%-units 
compared to the co-operation of the BAU and the non-
integrated stand-alone gasification plant (S-A), according to 
the system boundaries in Figure 3.  
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Figure 3 Energy and material balance. 

 
Table 4 Estimates for capital investment costs (M€) and 

production costs (M€ per year). 

 BAU S-A Case A 

Equipment and assembly 25 300 289 

Indirect costs 11 125 121 

Total investment cost 36 425 410 

Total incremental cost  425 374 

Production costs in M€ per year(a) 

Biomass(b) 1.3 43.5 35.6 

Power(b) 7.8 19.7 30.2 

O&M(c) 1.6 17.8 17.4 

Tall oil(d)   -10.0 

District heating(d)  -13.1  

Other costs(e) 3.2 0.8 0.8 

Subtotal costs (excl. capital) 13.9 68.7 73.9 

Annual capital costs 4.2 50.3 48.5 

Total production cost 18.1 119.0 122.4 

Incremental production cost  119.0 104.3 

Production cost [€/t NH3]  523 458 
a) A negative sign represents revenue.  
b) Biomass cost (22 €/MWh) is taken from [20] and the cost for power 

(63 €/MWh) is received from [21].  
c) Includes: Operations for chemicals, water treatment, insurance, 

licenses assumed to be 1% of the equipment and assembly. 
Maintenance, 3% of the equipment and assembly and worker 
salaries, 6 M€ cost for S-A and Case A.    

d) Tall oil is assumed to be sold as a substitute for heavy fuel oil. The 
selling cost for tall oil (74 €/MWh) and district heating (70 €/MWh) 
are taken from [22]. The DH production 188 GWh annually for the S-
A case.   

e) Ash handling costs (57 €/t), this also includes cost for heavy fuel oil 
for BAU. 

The calculated capital investment costs and production 
costs are presented in Table 4. The gasification unit 
accounts for 18% of the total cost for equipment and 
assembly. In both cases, a train of four gasifier units are 
assumed to be necessary to ensure the high operational 
load (8000 hours annually), each unit having one third of 
the maximum capacity required. The major part (45%) of 
the investment for equipment and assembly resides from 
the ammonia synthesis production plant. The rest of the 
investment cost for the major units is almost equally spread 
between the pre-treatment section, syngas cleaning and 
conditioning and ASU. 

The economic benefit of integrating a PEBG into a pulp 
mill for ammonia production compared to a stand-alone 
production unit seems to be small as the total production 
cost (Table 4) being almost the same for the S-A case and 
Case A. This is because the reduced cost from the possibility 
to exploit the surplus of bark and the revenue from the tall 
oil is almost diminished compared to the costs for high 
electricity consumption in Case A and the revenue from 
district heating sales in case S-A. The difference in 
production cost between the cases (65€/t NH3) is the result 
of the avoided costs for the deployment and operation of a 
new bark boiler.  

An ammonia selling price in the range of 581-882 €/t is 
required for the stand-alone plant to receive an IRR 
between 10-20%. Case A consistently requires a lower 
selling price (509-774 €/t of ammonia) for the same IRR 
compared to the S-A case, but the difference between the 
cases are decreasing when a lower return on the invested 
capital is assumed. The production cost (excluding the cost 
for capital) for both cases only accounts for 52-34% of the 
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ammonia selling price. A selling marginal in the range of 48-
66% is therefore required to obtain 10-20%-IRR.  

The economic benefits from the integration depend on 
the economic conditions, as shown in Figure 4. When either 
the biomass price or the investment cost is changed, the 
difference between cases varies in the range of 67-130 €/t 
NH3 produced. A 30% higher investment cost increases the 
required selling price for a 15%-IRR to the same extent as a 
95% increase of the biomass price for Case A and a 75% 
increase for case S-A would. In fact, a 75-95% increase of 
the biomass price causes a yearly increase of the production 
cost of 26-32 M€ depending on the case. Whilst, the highest 
investment cost (+30%) increases the total capital 
investment cost by roughly 125 M€, this would correspond 
to an annual capital cost increase of 15 M€ (i.e. when the 
production cost is calculated including the cost for capital 
using the annuity factor). This indicates that the potential 
revenues are small compared to the total investment cost.  

  
 

 
Figure 4 Required selling price for ammonia for an IRR of 
15% when the investment cost and biomass price is varied. 

4. CONCLUSIONS 

Integration of ammonia production via pressurized 
entrained flow biomass gasification in a Swedish pulp and 
paper mill was studied (Case A). Replacing the bark boiler 
with the biomass gasification plant, increases the overall 
energy system efficiency by 10%-points (calculated on an 
electricity equivalence basis) compared to the original 
operation of the mill including the operation of the non-
integrated stand-alone plant (S-A). The economic 
assessment showed that a relative high ammonia selling 
price is required for ammonia production to be 
economically feasible. Case A requires a selling price in the 
range of 509-774 €/t to receive an IRR between 10-20% and 
for the S-A plant, an even higher selling price is required. 
For such IRR-levels, the selling marginal accounts for 48-

66% of the ammonia selling price. Approximately 45% of the 
total investment cost is directly connected to the 
investment of the ammonia synthesis loop, indicating that 
the capacities of the studied system configurations (228 000 
t/y NH3) are rather small for ammonia production. Larger 
production plant capacities would most probably be needed 
to reach economic feasibility at lower ammonia selling 
price, and lower selling marginal.  
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ABSTRACT 

It has previously been shown that an investment in a black liquor gasification (BLG) plant is advantageous regarding efficiency 

and economic performance compared to a new recovery boiler investment for pulp mills. However, the availability of black liquor 

is limited and strongly connected to the pulp production. This limits the maximum production capacity and requires high 

availability of the BLG plant to ensure that the crucial cooking chemicals in the black liquor can be returned to the pulp mill. One 

alternative to increase the motor fuel production volumes and improve the operational flexibility of the BLG plant is to add 

pyrolysis oil to the black liquor feed and co-gasify the blend. Furthermore, the catalytic alkali metals in the black liquor enhance 

the conversion rates in a reactor, leading to a higher syngas quality achieved at lower temperatures when gasifying a blend 

compared to unblended pyrolysis oil. The objective of this study was to techno-economically investigate the opportunity to 

increase methanol production at a pulp mill via co-gasification of pyrolysis oil and black liquor. Gasifying a blend consisting of 

25% pyrolysis oil and 75% black liquor on wet mass basis nearly doubles the methanol production, compared to gasifying the 

available black liquor only. For a 50/50 blend the methanol production increases by more than 250%. According to published 

data, pyrolysis oil can be bought to a cost around 70 €/MWh. This corresponds to an increase in IRR for the investment in the 

25/75 and the 50/50 blend case with 4%-units and 6%-units, respectively, compared to the IRR (17.5%) for the BLG plant. Co-

gasification of black liquor and pyrolysis oil is an attractive investment opportunity that will increase the methanol production 

volume and add extra revenues per produced unit compared to methanol produced via gasification of pure black liquor. 

 

 

KEYWORDS: Black liquor, Pyrolysis oil, Co-gasification, Methanol, Pulp mill 

 

1. INTRODUCTION  

Production of renewable motor fuels and chemicals is important in the development towards a more sustainable society where fossil 

fuels are replaced. To be able to compete with fossil resources, efficient production of biomass based products is necessary to 

maximize overall process economics and to minimize negative environmental impact. In order to obtain reasonable production 

costs, large biorefinery plants will likely be required to reach favorable economy-of-scale effects [1]. Integrating large scale biofuel 

production processes in existing forest industries provides large feedstock handling and logistical advantages [2]. Gasification of 

black liquor can for example be applied in chemical pulp mills and has been successfully demonstrated in a 3 MW pilot scale in 

Piteå in Sweden [3, 4]. Compared to combustion of black liquor in a recovery boiler, black liquor gasification and subsequent 

synthesis for motor fuel production show advantages regarding economic performance and energy efficiency. The available volume 

of black liquor is however limited and strongly connected to the pulp production, which thereby also limits the potential motor fuel 

production. Furthermore a high availability of the gasification plant is required to ensure that crucial cooking chemicals in the black 

liquor are returned to the pulp mill. One way to increase the production of motor fuel as well as the operation flexibility of the black 

liquor gasifier is to add biomass based pyrolysis oil to the black liquor stream and co-gasify the blend. The energy content in 

biomass based pyrolysis oil is almost twice as high as the black liquor energy content. A fifty-fifty blend of a typical pyrolysis oil 

and black liquor has many similarities to sulfite thick liquor, e.g. heating value and alkali metal content. Also, many of the organic 

constituents of pyrolysis oil are expected to be similar to the organic components of black liquor from the pulp industry because of 

similar origin. A fifty-fifty blend would roughly triple the energy input to the gasification plant. This would result in increased 

production volumes and the economy-of -scale effects in the downstream gas conditioning and synthesis which may lower the 

production cost.  

 

Pyrolysis oil can be produced from various types of biomass such as straw, wood and wood waste, through a variety of 

technologies. Pyrolysis oil can be used in a number of applications, including co-firing with fossil fuels in power plants. There is 

much interest in the technology for production of green chemicals and fuels. One possible route is to gasify pyrolysis oil to a syngas 

that can be used as raw material for various petrochemical processes. Research has shown that a high gasification temperature or a 

catalytic bed is required to produce a syngas with high quality [5, 6]. Without a catalytic material, gasification of pyrolysis oil 

requires substantially higher temperatures compared to gasification of black liquor to obtain a similar gas quality and carbon 

conversion. This is at least partly due to the lack of catalytic alkali metals in pyrolysis oil. Sulfite thick liquor, which is similar to 

black liquor but comes from an alternative pulping process, has a 50% higher energy content and a 50% lower alkali content 

compared to black liquor. During an experiment in the 3 MW black liquor gasification pilot, the sulfite thick liquor was gasified 
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with excellent performance under virtually the same processing conditions normally used for the black liquor, which indicates that 

50% less alkali still provides sufficient catalytic activity.  

 

The main aim of this study was to techno-economically investigate the opportunity to increase methanol production at a Swedish 

pulp mill (the Rottneros Vallvik plant) via co-gasification of pyrolysis oil and black liquor. The objective was to evaluate the 

feasibility of the incremental methanol production capacity compared to a black liquor gasification plant for methanol production as 

reference. This was done by calculating the overall energy efficiency for two blend ratios, i.e. 25% and 50% pyrolysis oil of the total 

wet feed. The evaluation of the process economics was done by a cash flow analysis to determine the internal rate of return (IRR) 

for three different cases.  

2. MATERIAL AND METHODS 

2.1. GASIFICATION MODELING 

A pressurized oxygen-blown entrained flow gasifier based on the Chemrec black liquor gasification (BLG) technology was 

considered. Simulations were made for a 0-50% pyrolysis oil blend using a thermodynamic model developed for gasification of 

black liquor. The model uses thermodynamic data from Lindberg, [7] for pure inorganic components and from Knacke, et al. [8] 

for remaining species. Empirical modifications, based on operating experience from the BLG pilot plant in Piteå Sweden [4, 9, 

10], are used for CH4 and H2S/COS concentrations in the gas, since these are not well described by thermodynamic equilibrium 

[11]. Simulations represent a realistic gasifier size and heat losses for a commercial implementation of black liquor/pyrolysis oil 

co-gasification. Table 1 shows heating values and chemical compositions of black liquor and pyrolysis oil used in the modeling. 

The same mass flow of black liquor, corresponding to the full pulp mill production, was used in all cases. Results should not be 

generalized without considering that pyrolysis oil composition can vary widely depending on raw material and pyrolysis process.  

 
Table 1. Black liquor and pyrolysis oil specification used for simulations.  

  Black liquor A Pyrolysis oil B 

DS [w%] 73.2% 75.0% 

LHV MJ/kg solids 12.13 21.3 

   

S [kg/kg solids] 5.52%  

Cl [kg/kg solids] 0.13%  

C [kg/kg solids] 32.50% 61.33% 

H [kg/kg solids] 3.40% 4.30% 

N [kg/kg solids] 0.08% 0.01% 

Na [kg/kg solids] 20.23%  

K [kg/kg solids] 2.18%  

O [kg/kg solids] 35.96% 34.40% 
A Model composition for pulp mill using the Kraft pulping process. 

B From the BTG web site, http://www.btgworld.com/nl/rtd/technologies/fast-pyrolysis , accessed April 1, 2013 

 

Alkali metals are known to catalyze gasification reactions [12-14] and this is believed to be an important explanation for the very 

high carbon conversion obtained for gasification of black liquor at relatively low global temperature of approximately 1000 C. 

Simulations have been executed assuming that the co-gasification process can use the same process temperature as for black liquor 

gasification. This relies on the assumption that a similar catalytic effect from black liquor sodium content can be realized in the co-

gasification process, although the alkali content of the mixed feedstock is lower. This assumption is supported by recent 

experimental work with up to 30% pyrolysis oil1, pilot experiments using a pulping liquor with lower sodium content [15] and 

earlier work indicating that a lower sodium content than what is present in black liquor can still achieve the required catalytic 

effects [16]. 

 

The simulations show that the cold gas efficiency (CGE) increases with the proportion of pyrolysis oil as shown in Figure 1. Cold 

gas efficiency increases from almost 70% to 80% when going from pure back liquor to a mixture with 50% pyrolysis oil. The 

incremental efficiency of added pyrolysis oil, using black liquor gasification a reference, is 80-85%. This high number is due to 

the lower temperature enabled by the catalytic effect from the black liquor sodium and would be difficult to achieve for unblended 

pyrolysis oil. 

 

The reason for increased efficiency compared to unblended black liquor gasification is primarily that the inorganic content of the 

gasification feedstock decreases significantly, which decreases the thermal ballast of the system. Sulfur-free heating values are 

used, since sulfur exits the gasifier in reduced form and must be returned to the host pulp mill as such to enable recovery of 

                                                           
1  B. Albert, et al. Efficient gasification of biomass via pyrolysis/liquefaction and catalyst addition: char gasification reactivity. 

Manuscript in preparation (2013). 
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cooking chemicals. It should be noted that increased cold gas efficiency is associated with a decreased low pressure steam 

production from the gas cooling unit from approximately 0.28 to 0.20 ton steam/MWth feed. 

 

 
Figure 1. Simulated cold gas efficiency of gasification process for varying pyrolysis oil fraction Calculations use using sulfur-free heating values (thick lines) 

or only H2 and CO components of synthesis gas (thin lines). Dashed lines represent the incremental efficiency for pyrolysis oil using gasification of only black 

liquor as reference. 

 

Changing synthesis gas composition and decreased specific oxygen consumption are associated with the higher efficiency 

obtained at higher pyrolysis oil fraction in the blends. Oxygen consumption decreases from 49 to 31 kg O2/GJ LHV synthesis gas 

when changing from pure black liquor feedstock to a 50/50 blend. Carbon dioxide content in the synthesis gas from the 

gasification unit decreases from 28 mole% to 18 mole% while the CO concentration increases from 30 mol% to 42 mol%. 

Hydrogen concentration changes only marginally. The methanol production and operation of the gasification units (CHU:s) for the 

different blends was modeled using the syngas composition from the SIMGAS simulations. This includes the specific oxygen 

consumption for the gasifiers and specific steam generation from gas cooling unit. The consequences for downstream gas cleaning 

and conditioning processes are discussed below.  

 

2.2. SYSTEM EVALUATION AND ECONOMICS 

A schematic view of the biofuel plant (BFP), i.e. a BLG plant including methanol synthesis, is illustrated in Figure 2. This 

configuration assumes external oxygen supply. The same setup of units would be valid for the co-gasification alternatives, with the 

addition of a pyrolysis oil supply, also some operational changes and adjustments for the gasifier units (CHU:s).   

 

 
Figure 2. Simplified flowsheet for the methanol production plant. 

 

The BFP was modeled using Mixed Integer Linear Programming (MILP) through the Java-based software tool reMIND [17]. The 

model structure is represented by a network of nodes and branches, each node contains linear equations to express the materials 

and energy balances of each steam and power consuming/generating unit in the BFP. The pulp mill’s power and steam balance 

was represented by a black box approach valid for the increased pulp production capacity (see Table 2). The branches connect the 

units by representing the internal network of material and energy flows. Power and steam flows of each BFP units were scaled 

according performance of a reference BLG plant that produces 100 MW methanol [18]. 
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Utility requirements for the water gas shift (WGS) reactor and the acid gas removal (AGR) units were scaled according to the 

syngas flow and the flow of gas species required to be removed, respectively. The methanol flow was used for the other units. The 

modeling objective was to guarantee that the pulp production is unaffected when a BFP is integrated. The primary modeling 

constraint was therefore to ensure that sufficient amount of steam is available for the pulp making, done by adjusting biomass 

supply to the bark boiler. Integration of a BLG plant is also associated with an increased lime kiln fuel demand due to somewhat 

different green liquor composition, which is accounted for in the analysis. According to [19], the changed composition of the 

green liquor can be compensated by increasing the causticization by 25%, i.e. increasing the lime kiln fuel demand. The purge gas 

from synthesis loop in the BFP is a valuable gas that can be used as supplement to the lime kiln fuel. The lime kiln fuel import 

demand can therefore potentially be lower after the integration depending on the amount of available purge gas from the BFP.  

 

The Rottneros Vallvik mill produces two pulp products, ECF (Elemental Chlorine Free bleached pulp) and UKP (Unbleached 

Kraft pulp). During the UKP production the flow rate and energy content of the black liquor is lower than for the ECF. On a yearly 

basis the black liquor energy content is reduced with roughly 3% compared to a maximum continuous ECF production. The 

operation of the mill is affected by the UKP production; these changes have however not been explicitly addressed in the 

evaluation. The plant operation is based to match the yearly operation average of the Rottneros Vallvik mill during 348 days with 

a 90% availability compensated for lower black liquor energy content during the UKP production. This corresponds to a black 

liquor availability of 180 MW (SF-LHV) or 1500 tDS/h during 7517 hours. Sulfur free lower heating value (SF-LHV) is used as 

basis for calculations since the sulfur in the black liquor is returned in reduced form to the mill (as sodium sulfide in green liquor). 

Hence, the heating value of sulfur species is not useful. The same overall capacity utilization for the BFP plant (90% of scheduled 

operation time) has been used for all cases.  

 
 

Table 2. Important key energy data for the pulp mill representing a yearly average production with a recovery boiler. 

BL ton DS/d 1500 

  - LHV (on dry basis) MW 210 

  - SF-LHV (on dry basis) MW 180 

Mill Power demand MW 28 

Steam turbine power production MW 22 

Lime kiln fuel MW 18 

Bark available for export (65% DS)A MW 29 
A The energy content of the falling bark is based on 35% moisture content. Actually moisture content before drying is 65%. 

 

The overall system efficiency was calculated by using the pulp mill including the BFP as system boundaries. The production of 

bio-oil is assumed to be delivered to the gate (not an integrated production unit(s) within the mill). However, the effect on the 

system efficiency when the losses in pyrolysing forest residues to bio-oil are included has also been investigated, by accounting a 

biomass to oil conversion efficiency of 55%. The overall system efficiencies for all cases were calculated based on the marginal 

energy supply compared to the pulp mill with an upgraded recovery boiler including the utility requirements for the ASU. Note 

that oxygen is bought “over the fence” but the utility requirements for the ASU are included in the overall system efficiency 

calculations to increase the system boundaries and to apply a more global approach. The calculations were done using electrical 

equivalents. The energy carriers (methanol, biomass, etc) were converted to their electricity equivalents according to the efficiency 

(η) of the best-available technologies known to the authors according to Table 3. Biomass used directly for the pulp making is not 

included in the calculation of the overall energy system efficiencies. 

  
Table 3. Power generation efficiencies used for calculation of electricity equivalents.  

Energy carrier Power generation efficiency (η) Reference 

Biomass 46.2% [20] 

Methanol 55.9% [20] 

LPG 57.6% Assumed the same as for SNG [20] 

Pyrolysis oil 50% Assumed 

 

The incremental investment cost was calculated for all gasification cases as a comparison between an investment in a rebuild 

recovery boiler and methanol production via the gasification alternatives. The investment costs for the BFP pathways are scaled 

using a 0.65 scaling exponent for all units, except for the gasification units. The gasification unit of the BFP plant uses a multi-

train arrangement. The maximum capacity for each individual gasifier was based on what is commercially offered by Chemrec for 

black liquor gasification, which is approximately 70 MWth feed. The capacity is determined by a combination of gas residence 

time and inorganic smelt load on critical components [18]. Due to the lower inorganic content of black liquor/pyrolysis oil 

mixtures it has been assumed that the capacity can increase by 20% compared to operation on pure black liquor with the same unit 

cost. This means that the maximum capacity used for each gasifier train is 85 MWth feed. The investment costs for the other units 

were determined according the following relation: 
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Eq 1 

 

C and S refer to the investment cost and the scaling size of each unit, respectively. The subscript (ref) denotes the investment cost 

and size of the reference units. Cost information was supply by [18], for a 100 MW methanol BLG plant. Used scale parameter for 

the different units is listed in Table 4. 

 
Table 4. Scale parameters used for investment cost calculation in Eq 1. 

Unit  Scale parameter 

Gasification units (CHU:s)  Nr of trains 

Sour shift (WGS)  Dry gas flow 

Acid gas removal (AGR)  CO2 flow 

MeOH synthesis (MSY) MeOH flow 

MeOH distillation (PDU) MeOH flow 

Acid gas enrichment (AGE) Same for all 

White liquor adsorption (WLA)  Same for all 

MeOH storage  MeOH flow 

Balance of the plants MeOH flow 

Thermal oxidizer  Same for all 

Flare stack with safety zone  MeOH flow 

 

In Table 5, cost and selling price for the different commodities and products are listed. The methanol selling price is used for 

determining the internal rate of return (IRR) in a cash flow analysis. The analysis considers a three year construction time. During 

the first production year it is assumed that only 60% of the maximum methanol production capacity is achieved. Second year and 

third year, are assumed to give 80% and 95% of the nominal capacity respectively. Full production is not reached until the fourth 

year.  

 
Table 5. Feedstock costs and product prices [18]. 

Consumables and products Comment Cost Unit 

Biomass fuel cost 2.94 MWh/ton (40 % moisture) 28 €/MWh 

Power  57 €/MWh 

Pyrolysis oil cost A 4.27 MWh/ton (25 % moisture) 35-115 €/MWh 

Oxygen cost  69 €/ton 

Lime kiln fuel  46 €/MWh 

Methanol  984 €/ton 
A Assumed cost span for pyrolysis oil. 

 

The lowest production cost for pyrolysis oil was found in [21], where bio-oil was reported to be produced to a cost of 35 €/MWh 

in a large scale production facility (2000 t/d). A single facility with this capacity is not yet commercially available and the 

production cost could instead be used as an indication on the potential cost for pyrolysis oil production in the future. Another 

study, where pyrolysis oil was assumed to replace coal in a power plant in Finland, has estimated the pyrolysis oil cost to be in the 

range of 45-66 €/MWh [22]. The wide range depends on the locations of the biomass resources and the power plants as well as the 

(potential) annual pyrolysis oil demand and potential sites for process integration. Bio-oil production costs in the similar range 

(51-67 €/MWh) was reported for a production facility integrated with a bubbling fluidized bed for bio-oil and district heating 

production2. According to [23], a 30 MW pyrolysis oil plant integrated in CHP plants can produce bio-oil to a cost in the range 50-

66 €/MWh. The corresponding range for 60 MW oil production integrated in pulp mills is 43-48 €/MWh. The production cost is 

valid for wood-chips with a 62% biomass-to-oil thermal efficiency, on wet LHV basis. Benjanminsson, et al. [23], also estimated 

that a 15 MW decentralised stand-alone pyrolysis oil plant can produce bio-oil to a cost of 62 €/MWh, at the same thermal 

efficiency as mentioned above. Pyrolysis of forest residues may reach a lower efficiency, around 50% This increases the 

production cost to 77 €/MWh [23].  

                                                           
2 Y. Solantausta. Fast pyrolysis of forest residue - Cost and performance analysis (Presentation). VTT Technical research 

centre of Finland, 2013. 
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2.3. DESCRIPTION OF THE CASE STUDY 

Today the Rottneros Vallvik Kraft pulp mill is planning upgrades to increase the pulp production capacity. To raise the pulp 

production, debottlenecking investments are required in the recovery boiler, the causticizing/lime kiln, pulp dryer and steam 

turbine. Investments in upgrading the capacity of the evaporation and auxiliary systems have already been conducted.  The single 

largest investment for increasing capacity of the mill, to rebuild the recovery boiler to support the higher pulp capacity (39 M€), 

would be avoided for all the methanol production cases. This is due to that the gasification units replace the recovery boiler. 

Another 11 M€ in mill upgrading investments are also avoided for the BFP pathways, since they are replaced by other investments 

included in the BFP scope.  

 

Three methanol capacity levels was considered (i) Case BLG, a reference methanol production level, where only the available 

black liquor is gasified for methanol production, (ii) Case 25, a medium methanol production capacity, where a blend of 25% 

pyrolysis oil and 75% black liquor of the total wet feedstock mass flow is gasified and (iii) Case 50, where a fifty-fifty blend is 

gasified for a high methanol production level. Table 6 summarized the yearly average mass and energy flows for pyrolysis oil and 

black liquor for the three cases.  

 

A BLG plant is normally designed with a redundant gasifier train to ensure the high availability required to support the mill with 

black liquor processing capacity. For the BLG reference case of this study this leads to a 4x33% design of the gasification unit. 

When a second feedstock is introduced by mixing pyrolysis oil with the black liquor from the pulp mill, an improved operational 

flexibility can be obtained for the BFP plant. The redundant gasifier is no longer essential to ensure black liquor processing 

capacity, since the full black liquor flow can be processed even when one gasifier train is shut-down for maintenance by 

decreasing the fraction of pyrolysis oil feed. Based on the mass and energy flows (Table 6) and previously mentioned crucial 

design parameters (Section 2.2), this corresponds to 4x25% and 7x14% designs in Case 25 and Case 50, respectively. The removal 

of the redundant gasifier will lead to temporarily lower capacity when gasifier maintenance is carried out but this is compensated 

by the higher capacity utilization obtained by mixing a larger fraction of pyrolysis oil into black liquor when the pulp mill is 

running at reduced capacity. Note that, for the co-gasification cases (Case 25 and 50) it is possible and would probably be wise to 

compensate for the lower black liquor energy content during the UKP production by increasing the consumption of pyrolysis oil 

so that the full capacity of the downstream units can be used, although this has not been considered in this study. 

 
Table 6. Annual average mass and energy flows for the different blends. 

Case BLG Case BLG Case 25 Case 50 Unit 

Black liquor 180 180 180 MW (SF LHV) 

Black liquor 2049 2049 2049 ton/d (73.20% DS) 

Pyrolysis oil 0 122 365 MW (LHV) 

Pyrolysis oil 0 683 2049 ton/d (75% DS) 

 

3. RESULTS AND DISCUSSION 

By blending biomass based pyrolysis oil with a fixed amount of black liquor increases the total energy input considerably, due to 

the increased total feedstock flow and the higher heating value of the pyrolysis oil. Gasifying a 50/50 blend more than triples the 

sulfur-free heat input to the gasifier for a given black liquor flow. As a positive consequence, the cold gas efficiency (CGE) is also 

improved. Case BLG receives a CGE of 70% (SF-LHV basis), while the CGE is increased with 7%-units and 11%-unit for Case 

25 and Case 50, respectively. A higher CGE leads to higher concentration of carbon monoxide and lower carbon dioxide content 

in the syngas, see Figure 3. More medium pressure (MP) steam per ton of syngas is therefore required to shift the syngas to the 

desired H2:CO-ratio suitable for methanol synthesis for the co-gasification cases. In all cases, the BFP have a MP steam deficit 

and a surplus of low pressure (LP) steam. The mill is therefore required to supply MP steam to the BFP whilst surplus LP steam 

can be returned to the pulp making processes. A higher CGE reduces the potential heat recovery per ton of syngas generated. The 

amount of LP steam delivered to the mill is reduced to half, per ton of methanol, for Case 50 compared to Case BLG.  

 

Utility requirement for an Acid Gas Removal (AGR) unit is primary steam and power. The demand is mainly controlled by the 

quantities of gas species that are required to be removed (mainly CO2 and to some extend H2S and COS). As seen in Figure 3, 

after the shift process the carbon dioxide content of the syngas is declining when pyrolysis oil content in the blend is increasing. 

Less steam and power is therefore required in the AGR per ton of syngas for higher blend ratios. This partly compensates for the 

increased MP steam use in the WGS. The fifty-fifty blend requires 20% higher MP steam import from the mill per ton of methanol 

compared to Case BLG.  
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Figure 3. Composition for the major syngas components after syngas cooling (solid lines) and after the WGS (dashed lines). 

 

The co-gasification routes seem to be advantageous with respect to energy efficiency compared to an unblended black liquor 

gasification route. The incremental methanol production capacity for Case 25 and Case 50 receives an overall system efficiency of 

71 % (calculated as electrical equivalents) which is 4%-units higher than for Case BLG. This is because, as seen in Figure 4, 

gasifying a 25/75 blend (Case 25) would almost double the methanol production and a fifty-fifty blend (Case 50) increases the 

methanol production capacity more than 250% compared to Case BLG. For increasing blend ratios the total amount of high 

pressure steam generated in the boiler is reduced. A larger share of the LP steam demand of the mill is delivered from the BFP. 

Thereby the import of external biomass can be reduced. Although, a decreased production of HP (high pressure) steam and in 

combination with an increased extraction of MP from the turbine to satisfy the BFP:s steam demand, decreases the power 

production. However, the required power import is, calculated per ton of methanol, declining for increasing pyrolysis oil to black 

liquor blend ratios. Furthermore, the lime kiln fuel demand is also reduced in the co-gasification cases. Accounting the methanol 

production volumes in Case 25 and Case 50, the average system efficiencies are 1%-unit and 2%-units higher compared to the 

Case BLG (see Figure 5). The energy balances for all cases include required operational changes in the pulp mill due to the 

integration of the gasification plant. However, if also the losses during pyrolysis of the biomass to bio-oil are accounted for in the 

overall system efficiencies, Case BLG will receive the highest overall system efficiency (Figure 5).  

 

 
Figure 4. Incremental operating data during yearly average production compared to the rebuild recovery boiler including the utility requirements of the ASU. 
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Figure 5. Overall system efficiency for the different cases calculated using electricity equivalents.  

 

The total investment cost together with the production is presented in Table 7. Only aggregated investment cost is shown due to 

commercial confidentiality. For Case 25, the investment cost for the incremental production capacity is 0.83 M€/MWMeOH 

corresponding value for Case 50 is surprisingly higher, 1.15 M€/MWMeOH. This indicates that increasing the methanol production 

capacity with 255 MW (Case 50) would be more capital cost intensive than for Case 25. The reason is that Case 25 requires the 

same amount of gasifiers operating in parallel (four) as Case BLG, while Case 50 requires three more. Hence, the reduced 

redundancy requirement in the gasification unit contributes stronger to a reduced investment for Case 25 than Case 50. The 

specific investment cost of all other units decrease with methanol production as described above.  

 

Reasonable average pyrolysis oil price is assessed to be around 70 €/MWh including a cost for transportation 3 and a 20% profit 

margin. This is based on the reported production costs for different production alternatives for pyrolysis oil (integrated and stand-

alone) and different types and qualities of biomass feedstocks used for the production. As shown in Table 7, a pyrolysis oil price 

of 70 €/MWh seems to make the co-gasification pathways an attractive investment opportunity. The incremental 85 MW of 

methanol produced in Case 25 annually adds 53% higher revenue (see Table 7) to the production level in Case BLG, while the 

investment cost is only increased by 23%. Case 50 also adds extra revenue compared to the BLG production level, but the ratio 

between the added revenues and increased investment is slightly lower than in Case 25. 

 
Table 7. Investment and production costs (M€ per year). A negative sign represent revenue. Case 25 and 50 are for the incremental methanol production 

capacity compared with Case BLG as reference. 

Production cost Case BLG Case 25 Case 50 

Biomass 20.65 -0.71 -2.13 

Pyrolysis oil 0 +63.02 +189.05 

Power BFP 3.91 +3.15 +9.45 

Reduced power production 2.64 +0.39 +1.16 

Oxygen BFP 11.91 +4.99 +14.96 

Bark export loss 4.14 0 0 

LPG to BFP 0.11 +0.06 +0.15 

Workers A and Maintenance B 12.86 +2.39 +8.52 

Reduced lime kiln fuel -0.59 -1.93 -5.63 

Other 
C
 -5.28 0 0 

Methanol -130.18 -113.76 -341.29 

EBITDAD -79.84 -42.43 -125.78 

Incremental investment costs [18] 345.31 +80.40 +294.13 
A. 80/85/90 Employees with an average cost of 0.057 M€/y. 

B. 3% of the BFP investment cost assumes to include both staff and material cost and the cost for the gasifier’s ceramic lining and WGS/MSY/DSY 

catalyst[18]. 

C. Avoided cost or revenues from oxygen to mill, make up chemical to mill, external lime and fuel oil to boilers. 

D. Earnings before interest, taxes, depreciation and amortization 

 

 

                                                           
3 According to G. Benjaminsson, et al. Decentraliserad produktion av pyrolysolja för transport till storskaliga kraftvärmeverk 

och förgasningsanläggningar. In Swedish., Gasefuels AB, 2013. the transportation cost for pyrolysis oil is 2.3 €/MWh within a 100 

km radius with trucks or 500 km radius with trains. 
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The IRR of the investments in all cases is presented in Figure 6. The IRR calculations are based on an equivalent comparison 

against the mill with the upgraded recovery boiler. The total investment in Case 50 (639.43 M€) receives the highest IRR and 

seems to be the better investment opportunity when the cost for pyrolysis oil is below 80 €/MWh. The added-values from co-

gasification in Case 50 start to diminish when the cost for pyrolysis oil exceed 90 €/MWh (Figure 6) compared to Case BLG. Case 

25 is less sensitive to the pyrolysis oil cost and would return a better IRR than Case BLG for a bio-oil cost up to 95 €/MWh. In 

fact, with Case BLG as reference, the incremental 85 MW of methanol produced in Case 25 consistently receives a higher IRR 

independent on the cost of pyrolysis oil compared to the incremental methanol volumes in Case 50. This is because the reference 

production level consistently receives an IRR of 17.5% and the contribution of the received IRR for incremental production in 

Case 50 contributes more to the average IRR (Figure 6) than Case 25. Furthermore, it can be noted that the investment cost for the 

gasification unit is expected to decrease as experience is gathered. The co-gasification technology is new and the investment cost 

estimate used in this study is a first plant estimate.  

 

 

 

 
Figure 6. IRR for the incremental investment compared to upgrade recovery boiler, MeOH selling price 984 €/ton and no taxes considered. 

 

4. CONCLUSIONS 

Replacing the recovery boiler with a black liquor gasification (BLG) plant for methanol production show advantages regarding 

economic performance and energy efficiency. By adding pyrolysis oil to the black liquor feed, the production volumes of methanol 

is increased simultaneously as the plant economy and the plant efficiency are improved. Gasifying a blend consisting of 25% 

pyrolysis oil and 75% black liquor on a wet mass basis almost doubles the methanol production volumes, compared to only 

gasifying the available black liquor. A 50/50 blend increases the methanol production by more than 250%. The incremental 

methanol volumes produced from the added pyrolysis oil receives a 4%-units higher overall system efficiency (calculated as 

electrical equivalents) than the methanol produced from the available black liquor (67%). Although, the BLG case will receive the 

highest overall system efficiency if the thermal losses from the pyrolysis oil production are accounted for in the efficiency 

calculations.  

Given that the pyrolysis oil can be produced or bought for less than roughly 90 €/MWh, increasing the methanol production via co-

gasification of pyrolysis oil is an attractive investment opportunity. This will add extra revenues per produced unit of methanol in 

comparison to methanol produced via gasification of unblended black liquor. 
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