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ABSTRACT 

Global environmental concerns are motivating a growing interest in broadening the 
biomass feedstock base in several energy sectors, including (i) the domestic heating 
sector, presently dominated by stem wood combustion, and (ii) biofuel production, 
presently dominated by edible crops. The objective of this thesis is to investigate 
new opportunities to broaden the biomass feedstock in thermochemical conversion 
technologies. The performance of different feedstocks was therefore investigated for 
(i) heat production in small-scale combustion systems and (ii) biofuel production in 
large-scale gasification-based plants. The selected feedstocks were agricultural 
residues, forest wood, pyrolysis liquid and industrial by-products, such as lignin, 
black liquor, crude glycerol and fermentation residues. 

The alkali metals content in biomass has an important role in combustion and 
gasification. Alkali metals can cause ash-related problems in small-scale 
combustion systems, while they can catalyse gasification reactions thus increasing 
conversion efficiency. Keeping this effect in mind, the present investigation was 
based on combustion tests with pelletised agricultural residues (non-woody 
feedstocks with ash contents of 3-8 wt% on a dry basis) to evaluate their 
combustion feasibility in several small-scale appliances. Moreover, the potential 
techno-economic benefits of alkali addition in gasification-based biofuel plants were 
investigated in two different systems: (i) stand-alone biofuel plant operated with 
wet-alkali-impregnated forest residues and alkali-rich lignin as well as (ii) biofuel 
plant integrated with a Kraft pulp mill operated with black liquor (an inherently 
alkali-rich feedstock) mixed with different blend ratios of pyrolysis liquid, crude 
glycerol or fermentation residues (co-gasification concept). The techno-economic 
analysis in large-scale entrained-flow-gasification-based biofuel plants was made 
with the help of simulation tools. 

The combustion tests have shown that high alkali feedstocks lead to problems with 
ash accumulation and slag formation in small-scale appliances. The results 
indicated that non-woody feedstocks can only be burned in appliances adapted to 
manage high ash content feedstocks. Effective ash cleaning and enhanced 
combustion controlling mechanisms are relevant characteristics to have in 
appliances when using these feedstocks. It has been shown that four out of the 
seven selected feedstocks can be burned in small-scale appliances, while fulfilling 
the legal European requirements (EN 303-5:2012) in terms of combustion efficiency 
and emissions. The nitrogen content and ash composition were shown to be 
important parameters to evaluate whether a feedstock can be utilised in small-scale 
combustion appliances. 

The techno-economic investigations of the gasification-based biofuel plants have 
shown that alkali impregnation is an attractive option to increase energy 
performance and downstream biofuel production. The economic assessment has 
indicated that alkali impregnation does not significantly increase biofuel production 
costs, while it allows the application of a new syngas cleaning system that can 
significantly reduce biofuel production costs. The present study has shown that the 
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co-gasification concept has also techno-economic benefits as a result of the (i) alkali 
content in black liquor and (ii) economy-of-scale effects. These benefits can be 
enhanced by choosing energy-rich and low-cost blend-in feedstocks. The 
gasification-based biofuel production routes hereby investigated exhibit a good 
economic performance since biofuel required selling prices were economically 
competitive with other biofuel production routes as well as with taxed gasoline. 
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PREFACE 

I started my research in the bioenergy field in the context of my MSc thesis, which I 
carried out at Luleå University of Technology (LTU), Sweden and at Bioenergy 
2020+ GmbH, Austria. I continued research on small-scale biomass combustion as 
an employee at Bioenergy 2020+ GmbH in Wieselburg between 2006 and 2013. 
Simultaneously, I was an industrial PhD student at LTU. Two of the publications in 
this thesis (Papers I and II) originated from this period. 

From 2007 to 2014 I had three interruptions due to maternity leave. In 2014 I 
moved to Sweden. 

In 2015, at LTU, I continued my research and the work on this PhD thesis, in 
particular on biofuel production via catalytic gasification of biomass. Three 
publications (Papers III, IV and V) resulted from this research. 

This thesis is therefore the result of this cumulative effort of research and 
perseverance. 
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THESIS OUTLINE 

1. This thesis starts with an introductory chapter where the role of bioenergy is 
summarily described, focusing on the needs of expanding the biomass raw material 
base in the production of energy carriers. The research gaps are emphasised, and 
the objectives of the thesis are presented. The appended Papers are shortly 
summarised and the connections between them are highlighted. 

2. There follows a chapter describing the most relevant theoretical background 
information, in particular detailing technology aspects of small-scale combustion 
and large-scale gasification-based energy systems. 

3. Then there follows a chapter motivating the selection of feedstocks, describing 
the energy systems and presenting the cases analysed in this thesis. 

4. The methods used are motivated and described. 

5. Then there follows a chapter providing a summary of the main results of the 
papers, which is divided into two parts corresponding to the technical and the 
economic evaluations. 

6. Finally the thesis ends with a chapter that includes the conclusions drawn from 
the research work and some suggestions for future research. 

The Papers (five) can be found in the Appendix. 
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1 INTRODUCTION 

This chapter includes an introduction to the role of biomass as a versatile energy source, 
pointing out the needs of expanding the spectrum of biomass raw materials in the production 
of energy carriers. It provides a motivation for the work carried out in this thesis based on a 
short literature survey, emphasising the research needs and leading the reader to the 
objectives. The chapter ends with a short summary of the Papers and a schematic 
representation illustrating the interconnections between the research works presented in the 
appended Papers. 

Biomass is a versatile energy source that can be stored or converted into heat, 
power, transportation fuels or biomaterials, through a variety of technologies. 
Biomass is therefore considered one of the most promising renewable energy 
sources with the potential to partially replace fossil fuels and to significantly 
contribute to a sustainable supply of future energy. 

Global biomass use has been steadily increasing over the past decades as can be 
seen in Figure 1. Biomass is the largest contributor among the renewable energy 
sources (50 EJ/year in 2017)1, accounting for approximately 14% of the global 
energy use. Although biomass is mainly used in developing countries (e.g. for 
cooking and heating), it has also been increasingly applied during the last decades 
to the production of energy carriers in a more modern and efficient manner. 

 
Figure 1: Historical development of primary energy use until 2008 and three different future scenarios 
for 2030 and 2050 according to the Global Energy Assessment2. 

According to primary energy scenarios for 2030 and 2050 reported in the Global 
Energy Assessment report2, biomass will continue having an important role as an 
energy carrier source. Depending on the future energy scenario considered, 80-
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140 EJ or 13-16% of the primary energy in 2050 may be supplied by biomass, as 
illustrated in Figure 1. 

Several studies on global biomass potential have been carried out with highly 
variable results, from less than 100 EJ/Year to a maximum of 150 EJ/year by 
2050. Recent studies have reported lower potentials for 2050. In particular, the 
IPCC3 reported a potential in the range of 100-300 EJ/year, whereas Searle and 
Malins4 estimated a sustainable bioenergy potential in the range of 60-120 EJ/year 
using up-to-date assumptions in terms of crop yields, land availability and costs. 

The large differences in the estimated global biomass potentials show the high 
sensitivity of the estimates to the adoption of different assumptions, modelling 
approaches and sustainability considerations. Nonetheless, these differences also 
highlight the value of biomass as a limited energy resource and therefore the need 
to optimize the biomass utilization. This can be accomplished by: 

expanding the biomass raw-material base, as well as 
employing more efficient biomass conversion technologies. 

1.1 NEED TO BROADEN BIOMASS FEEDSTOCKS 

The global demand for woody biomass fuels, in particular wood chips and pellets for 
domestic and industrial use, has been increasing at an average rate of 14% per year 
since 20115. The raw material used in pellets production has traditionally been 
sawdust and byproducts from sawmills. However, to handle a continued increase in 
wood pellets demand6, alternative sources of sustainable raw materials are needed. 

Biofuels have the potential to partially replace current fossil-based fuels7 in the 
transportation sector. The most common biomass feedstocks are edible crops, such 
as sugar cane, soya bean and rapeseed, among others7,8. Serious concerns about 
sustainability issues connected with changes in land use and impacts on food 
supply and water resources9 prompted the European Commission to introduce 
measures that limits the use of conventional biofuels produced from food crops, 
while stimulating the production of advanced biofuelsa from lignocellulosic and 
waste feedstocks10. The global demand for biofuels is expected to rise rapidly11 13 as 
a result of mandates to reduce carbon emissions and the potential rise in fossil fuel 
prices. 

As a consequence, a general interest in broadening the biomass feedstock material 
base has emerged in several energy sectors. In particular: 

• non-woody feedstocks such as energy crops and agricultural residues as well 
as woody materials of low quality are gaining particular interest as fuels for 
domestic heat production14 16; 

• lignocellulosic feedstocks are gaining focus as alternative biomass materials 
for the production of advanced biofuels13,17. 

                                          
a In this thesis, advanced biofuels are assumed to be produced from plant material that do 
not compete directly with food or feed crops, such as waste, non-wood crops or algae, as 
defined by the European Commission. 
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An expansion of the biomass feedstock base to low quality wood and residues has 
the potential to reduce production costs, thus improving the overall economic 
accessibility to biomass-based energy systems. 

1.2 RESEARCH NEEDS 

1.2.1 SMALL-SCALE COMBUSTION FOR HEAT PRODUCTION 
Modern small-scale combustion systems burning non-woody feedstocks have the 
potential to replace the still dominant fossil fuel based heating systems in Europe6. 
Nonetheless, when compared with wood combustion, these fuels often show more 
ash related problems such as slagging and particle emissions16,18. Combustion of 
woody biomass causes emissions of gases and particulate matter which can 
seriously affect human health19–22. The introduction of new biomass feedstocks that 
potentially may cause higher emissions into the residential heating sector must be 
thoroughly evaluated via combustion tests. It is therefore important to investigate 
the capabilities of existing small-scale technologies in burning non-woody 
feedstocks. 

A significant number of studies have been made to evaluate the performance of 
non-woody feedstocks in small-scale combustion appliances. The main focus has 
mainly been on the prediction of ash related problems due to the fuels 
composition16,23,24, the ash behaviour25,26 as well as gaseous and particle 
emissions14,15,18,27–38. The great majority of the authors have shown that when 
compared with wood combustion, non-woody fuels show higher 
emissions14,27,30,31,37,39. The magnitude of particles as well as nitrogen oxides (NOx) 
and sulphur oxides (SO2) emissions was highly related to the ash, nitrogen (N) and 
sulphur (S) contents of the fuel respectively28,31,32,36,38,39. Several studies also 
pointed out the relevance of certain ash forming elements, such as potassium (K), 
chlorine (Cl) and S, in particle formation18,27,33,40. Nonetheless, several studies 
indicated that non-woody fuels could fulfil the European Union’s (EU) legal 
requirements14,35,38, in particular Miscanthus, willow and wood pruning. Ash 
lumping/melting and poor combustion conditions were reported by several 
authors18,32,33,36, where straw was one of the most problematic fuels in that 
regard18,38. 

Each study has its importance, in particular but not exclusively, given the 
distinctiveness of the feedstocks used in each study which were relevant for a 
specific region. Given the exceedingly broad variety of feedstocks and combustion 
appliances, it is important not only to evaluate the emissions and ash related 
problems of individual feedstocks, but also to identify common parameters for 
establishing in a more generic way whether a certain feedstock can be used as fuel 
in small-scale appliances based on combustion experiments. 

It is a challenging task to build affordable domestic combustion appliances that can 
burn a variety of feedstocks with large differences in terms of their composition. 
Despite this fact, only a small number of scientific publications considered 
limitations of the combustion appliances35,37,38 or compared combustion 
technologies33,41. There is thus a need to perform combustion tests with the same 
non-woody fuels but in different combustion technologies to identify the most 
important technical limitations and required adaptations of the systems. 
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1.2.2 LARGE-SCALE GASIFICATION FOR ADVANCE BIOFUEL PRODUCTION 
Advanced biofuels produced via thermochemical conversion technologies, including 
gasification, offer alternatives to replace fossil fuels in the transportation sector. 
Despite showing greater carbon savings than conventional biofuel pathways42 they 
are still not yet established due to technical43,44 and economic17,45 reasons. 

Techno-economic analysis is a common and useful methodology to evaluate biofuel 
production pathways prior to commercial-scale production. Extensive research has 
been carried out using techno-economic analysis to study biofuel production based 
on lignocellulosic biomass. The results are usually difficult to compare owing to 
important differences in conversion pathways46, technological maturity, 
assumptions and methodologies used47,48 as well as in what year the studies were 
conducted49. Nevertheless, the great majority of the studies have concluded that 
existing biofuels conversion technologies are unable to economically compete with 
current fossil fuel prices50–59. Feedstocks price51,54,57,60–62 and capital costs51,57,62 are 
some of the factors mentioned in the literature with the strongest effect on the 
biofuel production costs. 

The economic performance of lignocellulosic biofuels can be improved by using 
conversion technologies with high biofuel yields50,59,63–66, by taking advantage of 
effects of economies of scale56–59,67–69 and by integrating biofuel production with 
other industries57,69–72. Investment risks could be reduced by implementing CO2 
taxes and/or via long-term governmental financial support for biofuels56,63,69,71,73,74. 
However, further research is required in order to find technical measures to reduce 
biofuels production costs. 

Advanced biofuels production can potentially be integrated with Kraft Pulp Mills 
(PM) given the already available feedstock in the form of wood residues and black 
liquor (BL). A number of studies75–78 have shown that BL gasification with 
downstream biofuels production can replace the common recovery boiler while 
showing economic and energy performance advantages. The benefits of this 
integration could potentially be further improved by blending BL with other biomass 
feedstock prior to gasification. Co-gasification of BL with a blend-in feedstock offers 
the possibility to (i) increase biofuel production capacities, (ii) increase operation 
flexibility of the biofuel plant, (iii) further expand the lignocellulosic biomass raw-
material base and (iv) take advantage of potential economies-of-scale effects. 
Previous research has shown that BL can be blended with other raw materials while 
maintaining the high reactivity79,80. Moreover, co-gasification of BL with pyrolysis 
liquidb was successfully accomplished in lab81–83 as well as on pilot scale84. Techno-
economic studies67,85 have shown that it is an attractive route for biofuel production 
in particular for small sized PMs85. In order for this biofuel production concept to 
become economically viable for all PM sizes, cheaper blend-in-feedstocks must be 
utilized. 

Given the need to find alternative applications for the by-products generated in 
biodiesel industries86 and lignocellulosic ethanol plants87, synergies can be created 
through the utilization of crude glycerol and fermentation residuesc as blend-in 

                                          
b Pyrolysis liquid, more commonly referred as pyrolysis oil or bio-oil, is the term used in this 
thesis for the liquid product from biomass fast pyrolysis in order to highlight the fact that 
this by-product is not oil. 

c Fermentation residues, also known as hydrolysis lignin, are a by-product from 
lignocellulosic ethanol production and it is mainly composed of lignin. 
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feedstocks. The techno-economic consequences of using crude glycerol or 
fermentation residues as gasification blend-in feedstocks for the synthesis of 
biofuels have not been previously investigated. 

For PMs that intend to increase the pulp production but are limited by the capacity 
of the recovery boiler, a part of the lignin in BL can be extracted, e.g. by using the 
LignoBoost process88. The lignin product can either be used in the PM (e.g. as lime 
kiln fuel) or be stored or exported. Lignin has the potential of becoming a 
sustainable resource with many industrial applications, but lignin valorisation and 
conversion technologies are still in an early stage of development89,90. As an 
alternative to combustion, the extracted lignin could be used in biofuel production 
via gasification. Techno-economic analysis of lignin gasification for biofuel 
production has not been previously made. 

Besides lignin, forest residues that cannot be easily utilized by forest industries 
could become an important feedstock for biofuel production, especially in forest rich 
countries. Entrained flow gasification could be the conversion technology of choice 
as it is recognized for producing a high-quality syngas that is well-suited for 
downstream biofuel production13. Nonetheless, several authors have reported soot 
formation43 and problems with ash accumulation in the gasification reactor and 
reactor outlet plugging44 when operated with solid biomass. Laboratory studies have 
shown that wet-alkali-impregnation of biomass increases reactivity91, decreases tar 
and soot formation92 and improves the flowability of the slag44,93. Wet-alkali-
impregnation has the potential to increase biofuel yields and thereby improve its 
economic viability. As the impregnation process entails an additional expense, 
techno-economic evaluations are essential to evaluate the trade-offs between the 
gain in biofuel yield and the increased investment costs. Such evaluations have not 
been made previously. 

Alkali impregnation also influences the gas-slag sulphur equilibria. Furusjö et al94 
evaluated and quantified the effects of alkali addition on slag chemistry and 
reported a considerable reduction in the concentration of S in the syngas when 
compared to non-impregnated feedstocks. As S removal from the syngas is a key 
step for many biofuel syntheses95, a reduction in the S concentration creates new 
opportunities for the utilisation of simpler and cheaper syngas cleaning 
technologies that could potentially reduce biofuel production costs. These 
opportunities have not yet been investigated and neither have the potential techno-
economic benefits in terms of biofuel production costs. 

On a final note, the ash (including alkali) in biomass feedstocks may be a limiting 
factor to broadening the raw-material base from woody to non-woody biomass 
feedstocks in small-scale combustion systems for heat production. Conversely, 
alkali can enhance gasification reactions, which can bring potential technical and 
economic benefits to the production of gasification-based advanced biofuels. Given 
the high relevance of these aspects in the potential expansion of the biomass 
feedstock base in combustion and gasification energy systems, further research is 
still required to better understand their technical and economic impacts. 

1.3 OBJECTIVES 

The aim of this thesis was to increase the knowledge of potential new opportunities 
to broaden the biomass feedstock in thermochemical conversion technologies. The 
specific objectives have been to: 
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Investigate the performance of biomass based energy processes when using 
alternative biomass feedstocksd as fuels. Investigations were carried out to: 

o technically assess the combustion performance of small-scale 
combustion appliances designed and optimized for wood fuels; 

o identify (i) the most relevant parameters to establish whether a 
biomass feedstock can be used as fuel in small-scale appliances and 
(ii) the technical limitations of the small-scale combustion 
appliances; 

o evaluate the competitiveness of biofuel production via biomass 
gasification in stand-alone and integrated biofuel plants;  

Evaluate the role of alkali in thermochemical conversion technologies in 
terms of: 

o the influence on the performance of small-scale combustion and 
gasification systems; 

o the techno-economic influence of catalytic gasification via (i) 
impregnation of wood fuels with alkali prior to gasification and (ii) 
blending biomass feedstocks with alkali-rich black liquor (co-
gasification concept). 

1.4 OVERVIEW OF APPENDED PAPERS 

This thesis is based on five Papers which can be found in Appendix. A brief 
description of the appended Papers is given below. 

Paper I characterized a variety of non-woody feedstocks such as straw, Miscanthus, 
maize and horse manure mixed with two bedding materials in different small-scale 
combustion appliances. The fuels with the high potential of causing operational 
problems were identified. The gaseous and particle emissions from combustion 
tests were presented and compared with legal requirements defined in EU’s 
standard (FprEN 303-596). Moreover, the combustion performance and the capacity 
of the combustion appliances in dealing with high ash fuels were analysed and 
compared. 

Paper II evaluated the technical performance of a state-of-the-art pellet boiler when 
operated with seven agricultural biomass feedstocks based on combustion tests. 
The feasibility of the feedstocks as fuels for small-scale combustion systems was 
analysed by comparing the emissions and combustion efficiencies with legal 
requirements defined in EU’s standard (FprEN 303-596). 

Paper III assessed the techno-economic performance of producing two methanol 
grades via catalytic gasification of forest residues and lignin using a modelling 
approach. The simulations were made with (i) forest residues (non-impregnated), (ii) 
alkali impregnated forest residues and (iii) impregnated forest residues gasified in 
parallel with unwashed lignin. 

Paper IV investigated the techno-economic performance of methanol production via 
gasification of alkali impregnated biomass with a novel gas cleaning system. The 
new syngas cleaning comprised (i) sulphur removal via sulphur absorption in the 

                                          
d In the context of this thesis, alternative biomass feedstocks are biomass raw materials that 
can substitute high quality wood in small-scale combustion systems and edible crops in 
biofuel production.  
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slag and a zinc oxide bed, (ii) carbon filter for tar removal and (iii) zeolite 
membranes for CO2 reduction. The evaluation was carried out based on a modelling 
approach. 

Paper V assessed the techno-economics of producing two different methanol grades 
in a pulp mill integrated with a gasification based methanol plant using a modelling 
approach. The feedstocks analysed were black liquor blended with different blend-
ratios of pyrolysis liquid, crude glycerol and fermentation residues. 

 

The objectives of the thesis in the context of the objectives of each Paper are 
indicated in Table 1. 

Table 1: Objectives of the thesis in connection with the objectives of the appended papers. 

  Combustion Gasification 

Objectives 

 

Pa
pe

r 
I 

Pa
pe

r 
II

 

Pa
pe

r 
II

I 

Pa
pe

r 
IV

 

Pa
pe

r 
V

 

Investigation of the technical 
performance of alternative 
biomass feedstocks in terms of: 

Efficiency      

Combustion performance      

Influence of alkali      

Feasibility      

Investigation of the economic 
performance of alternative 
feedstocks for alternative 
biofuel production 

      

* Part of the thesis objectives, based on the data of the corresponding papers but not included in the 
paper. 

A schematic overview of the papers is given in Figure 2, illustrating the thematic 
connection among them. 
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Figure 2: Schematic representation illustrating the dynamics of the Papers and their connections. 
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2 THERMOCHEMICAL CONVERSION OF BIOMASS 

This chapter provides theoretical background information on ash related issues commonly 
related with biomass combustion and gasification. It includes a description of relevant 
technology aspects of small-scale biomass combustion appliances and large-scale gasification 
systems for biofuel production. 

Biomass may be processed through combustion, gasification, pyrolysis or 
liquefaction, depending on the desired end-product. These thermochemical 
conversion processes are distinguished by different operation temperatures and 
oxidant levels. The present study focuses on combustion and gasification processes 
only. 

During combustion, biomass is completely oxidized and converted to CO2 and H2O, 
accompanied by the production of heat and light. Small quantities of other gases 
e.g. NOX, SO2 and CO as well as particles are also produced. The level of the 
emissions is influenced by the (i) chemical and physical fuel properties33,40,97, (ii) 
type of combustion equipment41,98 and (iii) mode of operation33,99.  

In gasification, biomass is partially oxidised and is converted into a synthesis gas or 
syngas mainly composed of carbon monoxide (CO) and hydrogen (H2). Small 
quantities of chars and condensable compounds are also generated. Gasification is 
a highly versatile process and is therefore suitable to convert virtually any type of 
biomass feedstock into a syngas100. 

The evaluation of alternative biomass feedstocks requires attention to issues that 
can arise during the conversion process. These include ash related problems, such 
as slagging and particle emissions, which are introduced in the next section. 

2.1 ASH RELATED ISSUES 

The inorganic composition of biomass has a strong influence on the utilization of 
this resource. A trouble-free operation in small-scale combustion appliances or 
large-scale gasification plants relies on the behaviour of its inorganic elements. At 
combustion and gasification operation temperatures, these elements react with 
each other or with other components of the gas in complex mechanisms, forming a 
variety of compounds which may be in gaseous, liquid or solid state. Ash related 
problems can lead to process shut-downs, cause harmful emissions or damage the 
combustion/gasification systems. 

The inorganic matter in biomass varies in the interval of 0.1 to 46% on a dry mass 
basis (mean of 6.8%)101. The main elements are calcium (Ca), potassium (K), silicon 
(Si), magnesium (Mg), aluminium (Al), iron (Fe), manganese (Mn), phosphorus (P), 
sodium (Na), sulphur (S) and zinc (Zn)101. 
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2.1.1 SLAGGING 
Slag is the state of the ash at relevant combustion and gasification operation 
temperatures when melting occurs and the ash becomes highly viscous, fused or 
sintered. Alkali metals (K and Na) and alkali earth metals (Ca and Mg) play an 
important role in slag formation as they form low-melting eutectics with silicates102. 
Silica has a melting point higher than 1650°C and does not melt at typical 
combustion or gasification temperatures. When the silicate matrix retains the 
potassium, low melting alkali-silicate compounds are formed that can melt at 
temperatures below 750°C. The melting point can increase when alkali-earth metals 
incorporate the alkali-silicate compounds103. The fate of potassium and its volatility 
is of particular importance during biomass conversion. K release to the gas phase 
leads to particle emissions and potential fouling whereas if it stays in the char 
phase it can reduce the melting point of the ash leading to slag formation104,105. The 
parameters influencing the K release are temperature, alkali-earth metals contents 
and the ratio between the alkali metals and the Si as well as Cl contents106–108. 

During combustion, slag can be formed in the primary combustion area (typically 
on the grate). The amount of slag produced is affected both by the burner and fuel 
type, whereas the composition of the slag is determined mainly by the fuel ash 
composition25. In small-scale appliances in particular, slagging can disturb the 
combustion process by increasing gaseous and particulate emissions105. Severe 
slagging can even lead to unwanted shut down of the appliance 18,33,41. Näzelius26 
investigated the slagging tendency of phosphorus-poor biomass in fixed-bed 
combustion. The results suggested that the key elements for slag formation were K, 
Si and Ca. Different fuel classes were defined according to the slagging tendency; 
feedstocks with low Si and K and high Ca contents would show no slag formation 
and feedstocks with increasing Si and K and reduced Ca would progressively 
increase in slagging tendency. 

Operational problems related to slagging of biomass ash can also occur during 
gasification. For a trouble-free operation, a gasifier should operate either below the 
flow temperature to avoid slagging which is typically below 1000°C in non-slagging 
gasifiers109, or above the ash melting temperature (slagging gasifiers)100. For 
entrained-flow and slagging gasifiers, it is not only required that the ash is in 
molten state but it is also important to have a specific viscosity in order for the slag 
to flow steadily down along the walls and shield the ceramic linings from the high 
temperatures44,110. In slagging gasifiers and in contrast to the ash behaviour in 
combustion systems, high alkali and Si content fuels that melt at gasification 
temperatures are less problematic than e.g. wood feedstocks with high Ca and low 
Si contents93. However, the connection between ash composition and the slagging 
tendency is not as straightforward as in the case of combustion. As an example, 
Leiser et al.111 investigated the behaviour of alkali and Si rich feedstocks (straw and 
corn stover) in a lab-scale reactor under entrained-flow gasification conditions and 
verified that the slag consisted mainly of siliceous phase containing only a small 
fraction of the alkali. A substantial amount of the alkali species remained in the gas 
phase and formed fine particles upon cooling which can cause fouling. The 
underlying transformation behaviour of ash-forming elements during biomass 
gasification remains unclear. 

2.1.2 PARTICLE EMISSIONS 
The total particles formed during combustion are made of coarse particles with a 
diameter larger than 1 m and aerosols (or fine particles), which are solid or liquid 
particles, suspended in a gas, with a diameter less than 1 m112. Several studies on 
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wood burning in residential combustion systems have shown that particle 
emissions are dominated by fine particles40. Particle emissions from non-woody 
feedstocks are typically higher than from wood, and are also mainly composed of 
fine particles18,27. The inorganic aerosols are generally formed from species that 
have vaporized and undergone gas phase reactions. Alkali metal sulphates, 
chlorides and carbonates have been found to be the most common fine particle 
components in biomass combustion27. Under poor combustion conditions, particles 
are mostly formed of elemental carbon and organic material such as soot and 
tars113.  

Similar fine inorganic particles as well as tars and soot can also be formed during 
gasification114,115. Depending on their composition these particles can cause 
operational problems such as fouling and corrosion in gasification plants. Particle 
reduction devices are required prior to syngas utilization. 

2.1.3 ALKALI CATALYTIC EFFECT 
Catalysts are chemical substances that affect the rate of a chemical reaction by 
altering the activation energy required for a certain reaction to proceed. In 
gasification processes catalysts can be used to reduce the operation temperatures 
in order to reduce energy input and material wear. Besides increasing reaction 
rates, catalysts may also be used to reduce tar and soot formation92,116. 

Extensive experimental work in catalytic kinetics has shown that naturally 
occurring alkali in biomass catalyses char gasification117–119. Similar catalytic effects 
can be seen when alkali is added to biomass feedstocks120. Alkali, alkali earth and 
transition (Fe) metals can increase the gasification reactivity of biomass char, 
following the descending order K>Na>Ca>Fe>Mg in terms of catalytic activity121. 
Inorganic substances in biomass such as Si, Al and P can reduce the reactivity of 
the char119,122. Kannan and Richards122 reported a very low gasification rate for 
wheat straw and coir dust chars in spite of their high K and Ca contents. The 
authors realized that the high Si content of the feedstocks lead to the formation of 
potassium silicates which are catalytically inactive thereby reducing char 
gasification rates. Moreover, Dupont et al.123 found a good correlation between the 
char reactivity and the mass ratio of K and Si. The catalytic effect can decrease with 
increasing temperature as Ca, in the form of calcium oxides, has the tendency to 
agglomerate thereby losing its catalytic capability at high temperatures121. 

Umeki et al.92 investigated the influence of alkali impregnated pine sawdust in tar 
and soot formation. The results indicated that K catalyzes the reduction of tar and 
soot by directly interacting in both solid and gas phases during devolatilization and 
secondary decomposition. Knutson et al.108 also verified a reduction in tar formation 
when potassium carbonate was added to the bed material of a fluidized bed system. 

2.2 COMBUSTION 

Combustion of biomass for heat production is the oldest and most common way of 
converting solid biomass to other energy carriers. Still today, the predominant use 
of biomass consists of wood fuel used in simple and inefficient stoves for domestic 
heating and cooking6. Modern combustion appliances for domestic heat production 
are however available on the market. They are operated with woody biomass (chips 
or pellets) with energy efficiencies of up to 90%, low gaseous and particulate 
emissions and a high level of operational comfort124. 



Thermochemical conversion of biomass 

12 

2.2.1 SMALL-SCALE COMBUSTION APPLIANCES 
Small-scale combustion appliances are defined as furnaces with a nominal capacity 
of up to 100 kWhth125. 

The pellets or chips are fed automatically into the combustion chamber by means of 
an auger from a storage hopper. Depending on the feeding mechanism, three basic 
principles of combustion appliances can be distinguished: underfed burners, 
horizontally fed burners and overfed burners, as schematically represented in 
Figure 3. 

 
Figure 3: Basic principles of wood pellets feeding mechanisms125. 

Overfed burners are most often used in furnaces with small nominal heat flows, 
such as stoves, as it allows very accurate feeding according to the required heat 
demand126. To ensure a smooth operation with underfed burners, low ash fuels with 
consistent size of the fuel particles should be used25. In horizontally fed burners the 
fuel is supplied sideways and is moved or pushed horizontally from the feeding zone 
to the other side of the grate. Primary air is supplied to the fuel bed, keeping the 
grate section cooled and preventing slag formation25. 

Different burner systems and designs can be used according to the type of fuel and 
capacity range of the combustion appliances. Some systems are designed with a 
grate which can either tilt, horizontally move or be fixed; in other systems the fire is 
established in a retort, plate or tunnel.  

CONTROLLING MECHANISMS 
The boiler control mechanism is the means by which combustion is regulated to 
achieve steady heat output and constant oxygen levels. Disturbances, changes in 
fuel quality and heat load are compensated by the control system in order to 
achieve maximal efficiency and minimise products of incomplete combustion at all 
times. The small-scale combustion appliances are normally using (i) pressure, (ii) 
load, (iii) temperature or (iv) lambda control circuits125. The negative pressure of 
pellet furnaces is usually controlled by a suction fan. Load control works with the 
feed temperature as the set point and it is used to regulate the fuel and primary air 
supply. Temperature controlled appliances regulate the secondary air supply 
according to the furnace temperature. In lambda controlled appliances the O2 
and/or CO contents in the flue gas, measured using a lambda probe, are used to 
control the secondary air flow. 

2.2.2 MULTI-FUEL SMALL-SCALE COMBUSTION APPLIANCES 
Several boiler manufacturers developed appliances that besides wood pellets, can 
operate with wood logs, wood chips or herbaceous biomass. The multi-fuel boiler 
concept has been available127 and in constant development during the last decade.  
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Appliances developed to operate with both wood pellets and logs are well proven 
concepts125. Combustion appliances suitable for combined utilization of wood 
pellets and e.g. olive stones and pellets made of herbaceous biomass, are also 
available on the market. Multi-fuel appliances are controlled with the help of a 
lambda probe and are modified or adapted to deal with sintering, e.g. moving or 
pushing the glow bed and flue gas recirculation127. 

To the author’s best knowledge, there are only a few studies available in the 
literature reporting combustion tests with non-woody fuels in multi-fuel boilers. 
Keppel et al.36 performed combustion tests using different cereal grains in a 
commercially available boiler suitable for both wood pellets and cereal grain fuels. 
The authors reported difficulties in igniting some of the cereals and problems with 
ash sintering and agglomeration. Fournel et al.30 measured and compared total 
particle emissions concentrations during combustion of wood and four agricultural 
crops, using a multi-fuel boiler suitable for wood, corn, crop stover and other waste 
by-products. The measured particle emissions were 1.2 to 3.4 times higher than 
when wood was used and did not comply with the legal requirements of the 
authors´ country (Canada, Quebec). Örberg et al.41 evaluated an innovative pellet 
burner cup designed to enable the burning of ash-rich fuels in 30-40 kW boilers. 
Seven out of the eight pellets tested in the original burner resulted in unscheduled 
stops due to slagging and ash accumulation. However, with the innovative design 
all the fuels performed well, without slag formation and reductions in the CO and 
NOX emissions were verified. 

It should be noted that the lack of published research in the field of combustion 
technology for non-woody feedstocks might be a result of confidentiality agreements 
between researchers and combustion appliance manufacturers. 

2.3 GASIFICATION 

Gasification is considered a cost-effective and efficient technology for lignocellulosic 
biomass conversion to biofuels100. A number of generic reactor designs have been 
developed over the years. The most commonly used are fixed bed, fluidised beds 
and entrained flow reactors. The differences between the designs are based on (i) 
means of supporting the biomass in the reactor vessel, (ii) the direction of flow of 
both the biomass and oxidant and (iii) the way heat is supplied to the reactor100,109. 
Depending on the gasification process and feedstocks, biomass derived syngas 
contains different levels of contaminants, such as tars, particles, alkali metals, 
nitrogen components, S and Cl100,128. These contaminants must be removed, in 
order for the syngas to meet the specific requirements of the intended applications, 
such as chemical/catalytical upgrading to a wide range of hydrocarbon fuels or 
chemicals109. 

2.3.1 ENTRAINED-FLOW GASIFICATION FOR SYNTHESIS OF BIOFUELS 
Among the various gasification technologies, entrained-flow gasification can be 
considered ideal for downstream biofuel production due to the near tar-free syngas 
requiring the least complex downstream gas cleaning equipment. In addition it can 
easily be scaled-up and shows high fuel conversion efficiencies100. 

 



Thermochemical conversion of biomass 

14 

Pressurised entrained flow gasifiers are often operated in slagging mode and at high 
temperatures (1050-1500°C, depending on the feedstock). High operational 
temperature is important to ensure a high carbon conversion within short residence 
times and sintering of the ash to facilitate its continuous removal along the 
reactor s wall. Pressurised entrained flow gasifiers require a homogeneous fuel with 
small particle size, which can be achieved using fuel powders or liquid fuels129,130. 

ENTRAINED FLOW GASIFICATION OF SOLID BIOMASS 
Research has shown that the syngas produced via wood powder gasification has the 
potential to be further upgraded into biofuels131. However, entrained flow gasifier 
units using solid feedstocks have not yet reach commercialization. One reason is 
the required finely grounded biomass particles for which a consistent feeding 
process under pressurised conditions may be difficult to achieve129,132. Another 
reason is connected with the flowability of the slag. Coda et al.133 studied the ash 
behavior of wood feedstocks in bench scale and verified that the ash is not prone to 
form a molten slag at typical gasification temperatures, given the high Ca content of 
the feedstocks. Carlsson et al.110 made a similar study but in pilot scale using wood 
powders and reported frequent blockage of the gasifier as a result of the poor 
flowability of the slag. 

ENTRAINED FLOW GASIFICATION OF BL 
Large quantities of forest biomass are being used globally in the pulp and paper 
industry. The majority of them are based on the Kraft pulping process which 
produces BL that mainly consists of dissolved lignin, spent pulping chemicals and 
water. The BL is dried and burned in a Tomlinson-type recovery boiler to 
simultaneously recover the cooking chemicals and generate process steam and 
electricity. Due to technical problems related with the recovery boiler, the 
pressurised oxygen blown entrained-flow BL gasifier developed by Chemrec AB 
emerged as a possible alternative to replace the recovery boiler in pulp mills. This 
technology is schematically represented in Figure 4. 

 

Figure 4: Schematic representation of the pressurized oxygen blown entrained-flow BL gasifier 
developed by Chemrec134. 

The gasifier operates at temperatures above the melting point of the inorganics 
which leads to the formation of smelt droplets containing the pulping chemicals 
that are collected in the bottom of the gasifier (green liquor) in a similar way as in 
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the recovery boiler. The green liquor composition in terms of sulphur content is 
however different, which requires some modifications in the process when BL 
gasification is introduced. During gasification a small part of the sulphur remains 
in the gas phase, which will result in higher lime requirements and the generation 
of a low-sulphidity white liquor. By re-absorbing the sulphur removed during the 
syngas cleaning process, the white liquor’s composition becomes equivalent to that 
obtained with the recovery boiler, thus keeping the pulp production process 
unaffected75. The syngas is cooled in a quench zone and in a counter-current 
condenser that also acts as an efficient particle scrubber generating a clean syngas 
with no tars or soot135,136. 

Replacing the recovery boiler with BL gasification will also result in changes in the 
PM’s energy balance. The impacts will depend on the original mill’s energy system 
as well as on the intended application of the syngas. Several authors have reported 
improvements in the overall systems’ efficiency as well as economic performance of 
the PMs with the integration of a BL gasification plant70,75,78. Pettersson et al.78 
compared different types of PMs based on the recovery boiler with BL gasification 
with downstream production of DME or electricity. The authors concluded that BL 
gasification with DME production had the best performance among all the 
considered energy market scenarios. 

Extensive research has been done over the years in the field of BL gasification. This 
includes technical feasibility studies in lab81,83,137 and pilot scale136,138,139 as well as 
techno-economic analyses on different biorefinery options for PMs based on BL 
gasification. It can therefore be considered a well proven technology140 that is ready 
to be commercialised. Nevertheless, this technology has not reached 
commercialisation. Particularly in Europe, the lack of investment interest motivated 
by the policy uncertainty regarding biofuel legislation in the EU141 is the main factor 
halting the commercialisation of the BL gasification technology. 

CATALYTIC ENTRAINED-FLOW GASIFICATION 
BL can be considered a good feedstock for gasification. When compared to solid 
biomass, BL can be atomized and fed to the gasifier in small droplets without 
requiring pre-treatment. The catalytic effect of its alkali allows a reduction in the 
gasification temperature to approximately 1050°C, leading to higher gasification 
efficiencies, the production of a clean syngas and a trouble-free operation. 

However, BL contains significantly more alkali than required to catalyse carbon 
gasification, resulting in an energy penalty in the form of a thermal ballast. Bach-
Oller et al.81,83 investigated the fuel conversion characteristics for different mixing 
ratios of BL and pyrolysis liquid. The authors verified that the conversion rates of 
the blends were similar to those of pure BL rendering the co-gasification option 
beneficial in terms of carbon conversion, syngas yield and tar reduction. These 
results were validated in pilot scale84 and it was shown that co-gasification had a 
positive impact on the performance of the gasification process. Only minor 
modifications to the original BL gasification systems were required in terms of an 
additional mixer to blend the feedstocks. In comparison to pure BL gasification, co-
gasification with pyrolysis liquid resulted in (i) more diluted green liquor, (ii) higher 
oxygen consumption, (iii) increased cold gas efficiency and (iv) slightly higher S 
content in the syngas84.  

As shown in section 2.1.3, addition of alkali to solid biomass can considerably 
increase the char’s gasification reactivity and has the potential to solve operational 
problems92,142. Considering the ability of the BL gasifier to recover the alkali salts 
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solution, the same technology can potentially be applied for alkali impregnated solid 
biomass, thereby taking advantage of the possibility of alkali regeneration and 
reutilization. 
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3 SYSTEMS AND FEEDSTOCKS  

This chapter motivates the choice of biomass feedstocks, characterises the combustion and 
gasification-based systems under evaluation, and describes the cases selected for the 
technical and economic assessments. 

3.1 SELECTION OF BIOMASS FEEDSTOCKS 

Table 2 presents a list of the selected feedstocks used in this thesis. They consist of 
agricultural residues, forest wood and industrial waste/by-products. 

Table 2: List of the selected feedstocks and the respective thermochemical conversion technologies 
used in the Papers. 

Biomass Feedstocks Combustion Gasification Paper 

Pe
lle

ti
se

d 
ag

ri
cu

lt
ur

al
 r

es
id

ue
s Straw    I and II 

Miscanthus   I and II 

Maize   I and II 

Vineyard pruning   II 

Wheat bran   II 

Hay   II 

Sorghum   II 

Fo
re

st
 

w
oo

d Forest residues   III and IV 

Pine wood   IV 

In
du

st
ri

al
 w

as
te

/b
y-

pr
od

uc
ts

 

Unwashed lignin (Unw lignin)   III 

Pyrolysis liquid (PL)   V 

Crude glycerol (CG)   V 

Fermentation residues (FR)   V 

Black liquor (BL)   V 
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Agricultural residues were considered in this study because of their high potential 
and underutilization in many European countries. In particular, in farms or rural 
areas, these feedstocks can become important in heat production given their high 
availability and proximity, thus avoiding long distance transportation of fuels. 
These areas have low and disperse heat demands which renders medium to large-
scale district heating networks economically unfeasible. Moreover, the agricultural 
feedstocks can be easily pelletised, which results in an homogeneous and dense 
fuel that can be used in small-scale and fully automated biomass furnaces, thus 
providing a user comfort similar to that of modern oil or gas heating systems125. 
Seven agricultural feedstocks in pelletized form (Table 2) were selected for 
combustion tests in small-scale combustion appliances based on their high 
availability and relevance in Europe (Papers I and II).  

The selected feedstocks for advanced biofuel production via gasification were forest 
wood, by-products of forest-based industries/plants (BL, lignin and pyrolysis liquid) 
and by-products of biodiesel production (crude glycerol) and lignocellulosic ethanol 
production (fermentation residues). Forest residues consist of tops and branches 
that are either left in the forest or used in heat and combined heat and power 
plants. They were selected for their large potential as feedstocks for biofuel 
production in forest-rich countries (Paper III and IV). Pine wood was chosen in 
Paper IV in order to include a low S-content feedstock. An alkali-rich lignin was also 
considered. It was produced via a modified LignoBoost process, by omitting the 
washing step with sulphuric acid and water (unwashed lignin), as explained in 
Paper III. Pyrolysis liquid, crude glycerol and fermentation residues were the 
selected feedstocks to be blended with BL prior to gasification (Paper V). The reason 
to investigate the use of these blend-in feedstocks is two-fold: (1) advantage to the 
biofuel plant, as it increases the syngas production and feedstocks flexibility and (2) 
economic benefits to the biodiesel, lignocelluosic ethanol and fast pyrolysis plants. 

These feedstocks are normally available in large volumes, which implies the 
utilization of medium to large-scale conversion plants. Moreover, as shown in 
section 2.3.1, entrained-flow gasification is a favourable technology for advanced 
biofuel production from biomass, but it is only economically feasible on large-scale. 

The chemical and thermal properties of the feedstocks are presented in Papers I-V 
and Carvalho143. 

3.2 DESCRIPTION OF THE SYSTEMS 

Three systems were analysed, namely (i) small-scale combustion systems, (ii) large-
scale stand-alone biofuel plant and (iii) large-scale industrially integrated biofuel 
plant, as illustrated in Figure 5.  
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Figure 5: Simplified illustration of the three systems under evaluation, (a) small-scale combustion 
system, (b) stand-alone biofuel plant and (c) industrially integrated biofuel plant. 

In this thesis, methanol was the biofuel of choice as it can be used either as a 
blend-in component, or as a complete substitute for gasoline in internal combustion 
engines and in modified diesel engines144. Methanol can also be converted into other 
biofuels (e.g. DME) and has several applications in chemical industries. 

3.3 DESCRIPTION OF THE STUDIED CASES 

The cases analysed in the small-scale combustion systems are illustrated in Figure 
6. First, straw, Miscanthus and maize pellets were experimentally tested in all four 
combustion appliances (Paper I). The appliance with the best performance 
(minimum emissions and ash-handling mechanisms), was then chosen for further 
testing with the remaining feedstocks (Paper II). 

 
Figure 6: Cases investigated in the small-scale combustion systems (Papers I and II). 
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Figure 7 illustrates the different cases simulated in the stand-alone biofuel plant 
(Papers III and IV).  

 
Figure 7: Cases investigated in the stand-alone biofuel plant (Papers III and IV). Solid lines correspond 
to flows common to all cases; dotted lines correspond to possible flows dependent on the simulation 
results. 

For all cases, a 300 MW biomass input was used. The techno-economic impact of 
impregnatione was investigated by comparing material and energy balances between 
impregnated and non-impregnated forest residues (Paper III). An additional case 
was analysed where impregnated forest residues were gasified in parallel with 
unwashed lignin (without mixing)f. The feedstocks were gasified separately to allow 
the use of different temperatures and therefore optimise the gasification efficiency 
for each feedstock. 

Furusjö et al.94 investigated the S capture during gasification of alkali impregnated 
biomass via thermodynamic equilibrium calculations. The results have shown that 
up to 90% of the S is retained in the slag phase. A low S syngas is therefore 
generated which allows the replacement of the expensive acid gas removal unit 
(AGR)g for a new syngas cleaning process (described in section 5.1.3 and in Paper 
IV). Impregnated forest residues, impregnated pine wood as well as non-
impregnated forest residues were simulated using a new syngas cleaning system. 
An additional case, where non-impregnated forest residues simulated in the typical 
biofuel plant based on the AGR system, was also considered in order to evaluate the 
techno-economic implications of the new system (reference case). 

                                          
e Wet-alkali-impregnation was assumed to be made with a solution of K2CO3 in Publication 
III and Na2CO3 in Publication IV.  

f A case using unwashed lignin alone was not considered as it was assumed that the 
availability of this feedstock would not be sufficient for a 300 MW gasification-based biofuel 
plant. 

g The acid gas removal unit (AGR) is typically used to remove S species and CO2 from the 
syngas previous to biofuel synthesis. In Publications III and IV, the AGR unit was based on 
the Rectisol technology. 
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The generic state-of-the-art kraft PMh selected for the present investigation is 
illustrated in Figure 8. In the same Figure, a schematic representation of the 
different cases analysed in the integrated biofuel plant are also presented. 

 
Figure 8: (a) Stand-alone kraft pulp mill and (b) integrated biofuel plant and the investigated cases. 
BL: black liquor, GL: green liquor, PL: pyrolysis liquid, CG: crude glycerol and FR: fermentation 
residues. 

The total available volume of BL was used in pure form or blended with pyrolysis 
liquid (PL), crude glycerol (CG) or fermentation residues (FR). Two different blend 
ratios were used for each blend-in feedstock. The blend ratio is the mixture mass 
ratio after blending the total BL available with the blend-in feedstock. The total 
energy input varied from 509 MW (for pure BL) to approximately 750 MW for blend 
ratios of 80/20 (by mass). An energy input of approximately 1360-1650 MW was 
reached with a blend ratio of 50/50. As a result of the integration and replacement 
of the recovery boiler with the gasifier unit, the PM’s process steam must be 
guaranteed by the biofuel plant. 

                                          
h The stand-alone and market PM has a production capacity of 700 kADt of kraft softwood 
pulp per year, a black liquor production of 3334 t/d on a dry basis (509 MW) and an 
electricity surplus 72 MW which is sold to the grid. The PM is further described in Paper V 
and Berglin et al.176 

(a)

(b)
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Table 3 summarises the different cases analysed in the stand-alone and integrated 
biofuel plants used in Papers III-V, indicating the pre-treatment requirements, the 
type of syngas cleaning system applied and whether the alkali was re-circulated and 
re-used in the following impregnation cycle or in the pulping process of the PM (in 
the form of green liquor). 

Table 3: Cases analysed in the stand-alone and integrated biofuel plants (Papers III-V). 
  Pre-treatment Gasification-based 

biofuel plant 
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Forest residues 

      III and IV 

      IV 

      III 

      IV 

Unwashed lignin (*)       III 

Pine wood       IV 

In
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io
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pl
an
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Black liquor (BL)       V 

BL+(20% or 50%) PL       V 

BL+(20% or 50%) CG       V 

BL+(20% or 35%) FR       V 

(*) Unwashed lignin was gasified in parallel with impregnation forest residues in Paper III. 
PL: pyrolysis liquid, CG: crude glycerol, FR: fermentation residues. 

The heat production in the biofuel plant (both stand-alone and integrated plants) is 
initially re-distributed internally among the required units (Papers III-V). The purge 
gasi is either burned in the power boiler (stand-alone biofuel plants) or used as lime 
kiln fuel (integrated biofuel plant). The surplus heat in the form of steam and hot 
water is used in the feedstock pre-treatment (stand-alone biofuel plants, Papers III 
and IV), or in the supply of process steam to the PM (integrated biofuel plant, Paper 
V). When the surplus heat is not enough, extra fuel biomass is burned in the power 
boiler. Conversely, in case of steam surplus, electricity is generated via a 
condensing turbine. 

                                          
i To avoid build-up of inerts (mainly methane and nitrogen) in the methanol synthesis loop a 
small amount of the syngas is purged, forming the purge gas. 
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4 METHODOLOGY 

This chapter motivates and describes the methods applied to pursue the aim of this thesis. It 
includes the experimental methods used to analyse combustion systems as well as the 
methods used to perform the evaluation of the combustion and gasification systems. 

The performance of biomass-based energy processes with alternative biomass 
feedstocks for domestic heat and biofuel production was carried out with the help of 
combustion tests and techno-economic analysis respectively. 

Combustion test are an appropriate method to evaluate the feasibility of non-woody 
feedstocks for heat production, as the gaseous and particle emissions as well as the 
slagging tendency can be measured and analysed. Combustion tests with the 
selected agricultural feedstocks in small-scale combustion appliances were 
therefore carried out under standard laboratory conditions. 

A similar experimental method cannot be applied for large-scale biofuel plants. On 
one hand, very few commercial lignocellulosic biofuel plants are available today and 
the majority of them are pilot-scale plants. On the other hand, information on the 
feasibility of alternative feedstocks, such as the ones selected in this thesis, are still 
required prior to the construction of commercial lignocellulosic biofuel plants. 
Techno-economic analysis based on process simulations was therefore the 
methodology of choice to evaluate the performance of biomass feedstocks for 
gasification-based biofuel plants. Techno-economic analyses provide efficiency and 
cost assessment information that can be used to evaluate and compare different 
biomass-to-energy conversion options and biomass feedstocks. 

4.1 EXPERIMENTAL METHODS 

A brief description is presented, covering the selected combustion appliances and 
the methods used to measure the emissions and quantify the slagging tendency 
during combustion. 

4.1.1 COMBUSTION APPLIANCES 

Four state-of-the-art combustion appliances, developed and optimized for woody 
fuels, were used to perform the combustion tests reported in Papers I and II. Table 
4 gives an overview of the main characteristics of the combustion appliances. 
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Table 4: Key characteristics of the combustion appliances (Papers I and II). A detailed description can 
be found in Carvalho143. 
Combustion
appliance 

Heat Output 
[kW] 

Control 
strategy Fuel supply Burner Ash discharge 

B1 15 Temperature Underfed Plate Ash continuously dropping 
over the edge of the plate 

B2 25 Lambda 
probe Underfed Plate Ash continuously dropping 

over the edge of the plate 

B3 10 Open loop(*) Overfed No grate 
Continuously dropping 
through the burner and 

manual cleaning 

B4 15 Lambda 
probe 

Horizontally 
fed Grate 

Horizontal grate 
movements with additional 
mechanic cleaning device 

(*) No specific feedback loop. 

4.1.2 EMISSIONS MEASUREMENTS 
Gaseous emissions (CO2, O2, CO, NOX, and when possible SO2) were continuously 
measured and average values were determined at steady-state conditions. The total 
particle emissions were measured in combustion appliances B3 and B4 with a 
minimum of three repetitions. 

The measurement devices and principles as well as the range and accuracy of the 
monitored parameters are presented in Carvalho143. 

4.1.3 SLAGGING TENDENCY 
In Paper I, the slagging tendency was evaluated based on visual observations of the 
ash at the end of each test run.  

In order to quantify the slagging tendency, a different method was applied in Paper 
II. The total ash formed was sieved and the particles with dimensions larger than 
5.6 mm were considered as slag. The slagging tendency was expressed as the 
percentage of slag in the ash, as described in detail in Wopienka et al.25 

4.2 SIMULATION TOOLS 

Material and energy balances for the selected cases in large-scale gasification based 
biofuel plants were obtained with the help of simulation software. The resulting 
balances were in turn used for techno-economic analysis. The models were 
considered reliable tools to up-scale the plants to the desired capacity as the input 
data were based on lab and pilot-scale experimental tests43,80–84,131,145. The 
simulation software tools to model the different cases are described below. 

MATLAB-BASED THERMODYNAMIC EQUILIBRIUM MODEL - SIMGAS 
A Matlab-based thermodynamic equilibrium model called SIMGAS146 was used to 
simulate the gasification process reported in Papers III and V. This model was 
originally developed to model BL gasification using thermodynamic data from 
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Lindberg147 for pure inorganic components and from Knacke et al.148 for the 
remaining components. The SIMGAS model uses a non-stoichiometric approach 
under the assumption of ideal mixtures for both the gas and the inorganic smelt 
fractions, but with modifications for CH4 and H2S based on empirical 
evidence43,145,146. 

FACTSAGE/CHEMSHEET 
An important aspect of the investigation reported in Paper IV was the effects of 
process conditions between S in the slag and S in the gas phase94. The Matlab–
based SIMGAS tool proved not to be suitable as it lacked a detailed description of 
the slag phase. Thus, the gasification process was modelled by the thermochemical 
equilibrium incorporated in ChemSheet149 using thermodynamic databases and 
models from the Equilib module of FactSage 6.4 calculation engine150. A detailed 
description of the simulation process can be found in Furusjö et al.94 

ASPEN PLUS 
The process modelling software Aspen Plus V8.4 was used to simulate the syngas 
upgrading and bio-methanol synthesis, from the hot syngas prior to quenching and 
until the production of grade AA methanol, as reported in Papers III-V. 

Aspen Plus was also used to simulate the back-pressure and condensing turbines 
in Papers III-V. 

4.3 TECHNICAL EVALUATION 

The methods used in the technical evaluation of the combustion and gasification-
based systems are presented below.  

4.3.1 EFFICIENCY ASSESSMENTS 

COMBUSTION EFFICIENCY 
The efficiency of the combustion appliances (Papers I and II) was calculated using 
the indirect methodj, i.e. by measuring the losses occurring in the combustion 
appliance according to Eq. 1. 

 = ( + + + ) Eq. 1 

where qA is the thermal loss in the flue gas, qU is the loss due to unburned fuel 
carbon in the flue gas, qF is the loss due to unburned carbon in the solid residue 
(ash) and qS is the radiation heat loss from the boiler surface143. 

COLD GAS EFFICIENCY 
To evaluate the gasifier performance operated with different feedstocks, the cold gas 
efficiency (CGE) was calculated according to Eq. 2. 

                                          
j The indirect method was used in the calculation of the combustion efficiency instead of the 
direct method, for the reason that it allows for the identification of the type of losses during 
combustion. 
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= % Eq. 2 

CGE is defined as the ratio between the energy flows of the syngas (ESyngas) and the 
energy contained within the fuel (EFeedstock). The efficiencies were calculated based on 
S-free high heating values. 

To determine the CGE of the blend-in feedstocks a marginal CGE was calculated 
according to  Eq. 3 

 = _ __ _ % Eq. 3 

where the feedstock and syngas energy flows from pure BL gasification (subscript 
pure_BL) were subtracted from the respective energy flows from co-gasification of BL 
with blend-in feedstocks (subscript BL_mix). As the amount of BL is equal in all 
cases, the marginal CGE measures the actual efficiency of the blend-in feedstocks 
without the BL, but under the influence of the catalytic effect of BL´s alkali. 

OVERALL SYSTEMS EFFICIENCY 
The overall system efficiency was calculated for the stand-alone and integrated 
biofuel plants to analyse respectively the influence of alkali addition and the 
expansion of the raw material base. 

For the stand-alone biofuel plants (Papers III and IV), the overall system efficiency, 
, was calculated according to Eq. 4 =   % Eq. 4 

Given that a proper recipient for hot water utilisation was not defined in any of the 
studies, the overall energy efficiency was calculated excluding the hot water in 
Paper III to evaluate its potential effect. In Paper IV, the overall systems efficiency 
was calculated excluding the hot water surplus. 

In order to determine the potential improvements derived from integrating a stand-
alone PM with a biofuel plant, a marginal overall system efficiency, , was defined 
for the integrated biofuel plant and calculated according to Eq. 5 =     Eq. 5 

where the energy flows that crossed the systems boundary of the integrated biofuel 
plant are compared to the corresponding energy flows in a stand-alone PM (Figure 
8). 

The pulp wood and pulp production parameters, Epulp wood and Epulp, are equal in 
both PMs and therefore both pulp wood and pulp are equal to zero. The parameter 

electricity accounts for the loss in electricity production due to the integration, thus 
corresponding to the sum of the actual electricity requirement in the PM integrated 
with a biofuel plant and the excess electricity sold to the grid in the stand-alone PM. 
As the hot water produced in the stand-alone PM was not considered in the systems 
analysis, the surplus hot water produced in the biofuel plant was not included. 
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To also take into concern the differences in energy quality, the marginal overall 
system efficiency was calculated to electricity equivalents according to the efficiency 
of the best available technologies known to the authorsk, presented in Table 5. 

Table 5: Assumed power generation efficiencies used for the calculation of the electricity equivalents. 
Energy carrier Power energy effiency [%] Reference 

Biomass feedstock 46.2 Tunå et al.151 

Methanol 55.9 Tunå et al.151 

Blend-in feedstocks (*) 50.0 Andersson et al.85/assumed 

Hot water 10.0 Tunå et al.151 

(*) The power energy efficiency used for pyrolysis liquid was taken from Andersson et al.85 and the 
same efficiency was assumed for crude glycerol and fermentation residues. 

The marginal overall system efficiency was also calculated by converting the 
electricity flows into primary biomass (i.e. the biomass required to produce the net 
demand of electricity assuming a conversion efficiency of 46.2% according to Table 
5). In doing so, the two systems became more comparable in terms of primary 
energy requirements. 

4.3.2 COMBUSTION PERFORMANCE 
The combustion performance was evaluated based on the gaseous and particle 
emissions as well as on the slagging tendency of the ash. Given the high variability 
in terms of the combustion system technologies (see Table 4) and feedstock 
properties, the influence of each of these parameters on the gaseous emissions was 
analysed. 

To better evaluate the potential differences among non-woody feedstocks, data on 
typical emissions from the combustion appliances operated with standard wood 
pellets152 were included in the results. 

4.3.3 ASSESSMENT OF THE ROLE OF ALKALI 
The role of alkali in combustion and gasification systems was assessed based on (i) 
the impact of the feedstocks’ ash composition on ash-related problems and (ii) the 
gasifier performance when operated with feedstocks of different alkali content 
respectively. 

COMBUSTION SYSTEMS 
Fuel indices are used to predict a number of combustion-related problems23,40,153. 
However, some authors argued that none of the indices found in the literature are 
appropriate to predict slagging tendencis25,154. 

In this thesis, fuel indices are used to demonstrate potential correlations between 
the alkali metal content in the fuels and ash-related problems in terms of particle 
emissions and slagging tendency. Given the large diversity in terms of inorganic 
composition of the non-woody fuels and the complex interactions among the 

                                          
k The overall energy efficiency using electricity equivalents was calculated using Eq. 5, but 
with each term multiplied by the respective power conversion efficiency presented in Table 
5. 
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different ash-forming elements, a set of relevant fuel indices was selected according 
to the criteria listed below. 

The sum of the K and Na masses in the fuels (in mg/kg of fuel) is related to 
aerosol emissions153.  

The 2K/S molar ratio is commonly used to evaluate risks of corrosion, but in 
the present study it was used as an indicator of particle emissions. Alkali 
sulphates are formed in the sulphation reaction between S and alkali metals, 
releasing HCl and significantly reducing deposit formation and corrosion. 
Alkali sulphates are important precursors of particles but at the same time, 
S in the fuel reduces Cl-induced particle emissions155. 

The K/(Si+P) molar ratio is used as an indicator of the K release. The K/Si 
molar ratio is suggested as a good indicator of the K release by 
Sommersacher et al.153 and as a good indicator of the fuel´s slagging 
tendency by Knudsen et al.106. However, several authors133,156 have indicated 
that P can compete with Si for base cations in the char and even dominate 
over Si. Since some of the selected feedstocks show a relatively high P 
content, an index including the P content was used. 

The (Na+K)/(Ca+Mg) molar ratio is also considered, since alkaline earth 
metals influence the K release106 and affect the melting temperature of the 
ashes26,157. 

The possible correlation between the particle emissions, or the slagging tendency, 
and the analysed fuel indices was evaluated by applying the Student’s T-test for 
statistical hypothesis testing. This test can tell whether the results of a dataset are 
statistically significant from the calculation of the p value, which represents the 
probability that the results from the sampled data occurred by chance (i.e. that the 
null hypothesis is true). The null hypothesis can be formulated as “there is a 
significant difference within the set of data”. For p values below 0.05 a 95% 
confidence is achieved that the data is statistically significant. Moreover, it was 
assumed a two tailed T-test and a paired dataset. 

Given the controversy around the use of the T-test in research158, it is used in this 
thesis to provide quantitative support for the existence or not of a correlation in 
terms of statistic relevance, among the analysed parameters. It is thus highlighted 
that it is not used with the intent of proving the existence of an actual correlation 
between the fuel indices and the ash-related problems. 

GASIFICATION SYSTEMS 
The role of alkali during gasification was assessed by comparing the gasification 
performance of feedstocks with different alkali contents, namely: 

Forest residues and alkali-impregnated forest residues (Papers III and IV); 
Pure BL and BL mixed with different alkali lean blend-in feedstocks, 
pyrolysis liquid, crude glycerol and fermentation residues at different blend 
ratios (Paper V). 

The role of alkali was also assessed in terms of the degree of S captured during 
gasification which can create new possibilities for syngas cleaning processes (Paper 
IV). 
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4.3.4 FEASIBILITY STUDY 
The feasibility of applying the selected feedstocks in small-scale combustion 
appliances and in the co-gasification concept was analysed. 

COMBUSTION 
The feasibility of using agricultural feedstocks as fuels in small-scale combustion 
systems was assessed by comparing the emissions and combustion efficiency with 
the legal requirements defined in EN-303-2012l,159. The standard does not define 
legal requirements for NOX emissions. The NOX emissions were therefore compared 
to the legal requirements defined in the Austrian deviations as it is the only EU 
country with specific legal requirements for these emissions. The EU standard 
defines three different classes for the combustion appliances, following the 
ascending order Class 3 < Class 4 < Class 5 in terms of stringent efficiency and 
emission limits. 

The most relevant parameters in establishing whether a biomass feedstock can be 
used in small-scale appliances were identified. Relevant technical limitations of the 
combustion appliances were discussed in terms of emissions and ash-handling 
capacity. 

CO-GASIFICATION 
A factor of large uncertainty in the co-gasification concept (Paper V) is the potential 
availability of blend-in feedstocks, in particular crude glycerol and fermentation 
residues as they are intimately related to the biodiesel and lignocellulosic ethanol 
production respectively. 

In the present study, the future availability of crude glycerol or fermentation 
residues was not considered nor estimated. However, to give some perspective on 
the quantities of blend-in-feedstocks required to implement the co-gasification 
concept, a simple feasibility study was made by assessing the required volumes of 
blend-in feedstocks based on the Swedish BL production. Recovery boilers older 
than 30 years were considered, as they can potentially be replaced by co-
gasification. The required volumes of blend-in feedstocks were compared with their 
current production/consumption in Europe. 

4.4 ECONOMIC EVALUATION 

An economic analysis was made to determine the required biofuel selling price to 
reach an internal rate of return (IRR) of 15% for the selected gasification-based 
systems.  

 

                                          
l In Publications I and II, an earlier version of the EU standard (FprEN 303-5)96 was used to 
evaluate the performance of burning non-woody feedstocks. However, as a new standard 
came into force in 2012, the combustion feasibility in this thesis was done according to the 
legal requirements defined in the latest standard i.e. EN-303-2012. The relevant changes 
made in the latest standard were (i) deletion of boiler classes 1 and 2 and addition of new 
emissions for classes 4 and 5, (ii) extension of usable fuel to non-woody biomass, (iii) 
possibility of non-conformity with particle emission requirements for non-woody fuels, as 
long as not exceeding 200 mg/Nm3 at 10% O2. 



Methodology 

30 

The present study considered a greenfield investment in (i) a stand-alone biofuel 
plant (Papers III and IV) or (ii) integrated biofuel plant. The economic analysis was 
performed for a Nth plant, assuming a construction time of three years, a plant 
lifetime of 20 years and an on-stream time of 355 days per year. 

The equipment costs were calculated based on real estimates from commercial 
process suppliers and on estimations from the literature. The costs were scaled to 
the desired capacity according to Eq. 6 =  Eq. 6 

where C is the investment cost and S is the scaling size of each unit. The subscript 
ref refers to the reference unit. A scaling factor, n, of 0.65 was used when no 
specific factor was given in the literature. The Chemical Engineering Plant Cost 
Index (CEPCI) was used to extrapolate the cost estimates (Crefyear) to the price level of 
2015 (C2015) according to Eq. 7 =  Eq. 7 

where CEPCI2015 and CEPCIref year are the specific indices for the year 2015 and the 
reference year respectivelym. The final capital costs included installation, indirect 
and balance-of-the-plant (BOP) costs, whose assumptions are described in each 
related Paper (Papers III-V). The prices for commodities, as well as operation and 
maintenance are summarised in Table 6. 

For the integrated biofuel plant (Paper V), the economic assessment was based on a 
differential analysis using the difference between the capital and the running costs 
of the required units in the stand-alone PM and in the integrated biofuel plant. As a 
result, units common to both systems, as e.g. debarking, digestion, bleaching etc, 
were cancelled out and were not included in the analysis. 

The resulting required selling prices were compared among the different cases as 
well as with prices of fossil fuels, taxed and untaxed gasoline in the EU according to 
the assumptions defined in Paper V and cellulosic ethanol160. 

 

 

 

 

 

 

 

 

                                          
m The CEPCI must be used with cost estimates in US dollar (US$) currency. For the year 
2015, a currency exchange of 1.1 €/US$ was applied. 



Methodology 

31 

Table 6: Prices for commodities, raw materials as well as operation and maintenance used in Papers 
III to V. 

Raw materials/utilities Costs Reference Paper 

Biomass/fermentation residues (i) 20 €/MWh Andersson et al.85 III-V 

Unwashed lignin 33 €/MWh (Paper III) III 

Electricity 57/30/57 €/MWh (ii) 
Andersson et 

al.85/Assumed/Andersson 
et al.85 

III-V 

Na2CO3 250 €/t Chemrec AB161 IV 

ZnCO32Zn(OH)2H2O 901 €/t Market price162 IV 

ZnO 2798 €/t Market price163 IV 

Cu 6281 €/t Market price164 IV 

Wastewater treatment for green 
liquor 2.5 €/m3 Albrech et al.48 IV 

Membrane tubes replacement (iii) 1171 €/m2 every two 
years Korlskiy et al.165 IV 

Pyrolysis liquid 42 €/MWh Andersson et al. 85 V 

Crude glycerol 16 €/MWh Quispe et al.166 V 

Operation & maintenance 4% of the investment 
costs (iv) Andersson et al.85 III-V 

(i) Includes both forest residues used in Paper III, pine forest residues and pine wood used in Paper IV 
as well as fermentation residues used in Paper V. 
(ii) Electricity prices used in Paper III, IV and V respectively. The choice of 57 €/MWh (according to 
Andersson et al.85) was to make the two studies (Papers III and V) comparable with each other as well 
as with Andersson et al.85. The electricity price was reduced in Paper IV because it was thought to be a 
more reasonable and realistic price for a near future, based on recent Swedish publications (e.g. 
Krönert et al.167). 
(iii) The costs associated with the replacement of the zeolite membrane in Paper V were accounted for 
as an addition to the maintenance and operation costs, because they are higher than 4% of the 
membrane capital costs. 
(iv) In Paper V, maintenance and operation costs were 4% of the differential investment costs (between 
the stand-alone PM and integrated biofuel plant). 
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5 RESULTS AND DISCUSSION 

This chapter presents and discusses the main results of the experimental and modelling work 
reported in the appended Papers. This chapter also includes further analysis (not included in 
the Papers) regarding the role of alkali in combustion systems and the feasibility of the co-
gasification concept. It is divided into two main parts, opening with the technical aspects of 
combustion and gasification-based systems and closing with the results from the economic 
assessment of biofuel production. 

5.1 TECHNICAL EVALUATION 

The technical evaluation of the combustion-based systems was based on the 
combustion efficiency, performance and feasibility, as well as on the influence of 
alkali in the feedstocks. The technical evaluation of the gasification-based systems 
was based on the impact of alkali addition, the system’s efficiency and in particular 
for the co-gasification concept on its feasibility in terms of availability of blend-in 
feedstocks. 

5.1.1 EFFICIENCY 

COMBUSTION EFFICIENCY 
Figure 9 presents the efficiencies of the combustion appliances operated with non-
woody feedstocks.  

 
Figure 9: Efficiency of the combustion appliances operated with non-woody biomass feedstocks. 
Typical values for combustion of standard wood pellets are also presented152. There was not enough 
data to calculate the efficiency of combustion appliances B1 and B3 when operated with straw pellets. 

No significant differences in the combustion efficiency can be seen in combustion 
appliances B2 and B4 when operated with non-woody or standard wood pellets. The 
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low efficiencies shown by B1n and B3o are most probably related to the unsuitable 
(generally too high) air ratios at which they were operated (2.5-4.5). These results 
may also suggest that lambda-controlled combustion appliances are superior to 
temperature-controlled ones when burning non-woody feedstocks.  

COLD GAS EFFICIENCY (CGE) 
The values of the CGEs are presented in Figure 10 for the feedstocks analysed in 
the stand-alone and integrated biofuel plants as well as the gasification 
temperatures used in the simulations. The marginal CGEs of the blend-in 
feedstocks are also shown. 

 
Figure 10: Cold gas efficiencies for the feedstocks analysed in the stand-alone (Paper III) and 
integrated (Paper V) methanol plants, represented by green bars in the left hand-side and orange bars 
in the right hand-side respectively. Marginal CGE are presented above the bars. The labels in the x 
axis are the following, BL: black liquor, PL: pyrolysis liquid and FR: fermentation residues. 

The gasification temperatures chosen for forest residues (Papers III and IV) were 
based on the char gasification reactivity and kinetics of the feedstocks, as explained 
in Kirtania et al.142 and Weiland et al.43. Alkali addition had a positive influence on 
the gasification performance, as it allowed for a reduction in the gasifier operation 
temperature from 1350°C to 1100°C, resulting in an efficiency gain of 4 percentage 
points between the non-impregnated and impregnated cases (Papers III and IV)p. 

The co-gasification simulations (integrated biofuel plant described in Paper V) were 
based on the assumption that the BL blends could achieve the same catalytic effect 
                                          
n The combustion tests in appliance B1 were carried out by the boiler manufacturer´s 
personnel. They reported that they had increased the air ratio manually to avoid slagging, 
which had further repercussions on the combustion efficiency. 

o Combustion appliance B3 is a stove with radiation heat losses of 20% through the glass 
door. To keep the door clean from soot, it is typically operated with an air ratio of 2-2.5. 

p The absolute values of the CGE of the non-impregnated and impregnated feedstocks were 
different in Publications III and IV. Figure 10 presents only the CGEs of the feedstocks 
simulated in Publication III. However the increase in CGE due to impregnation was the 
same in both publications. 
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as pure BL gasification81,168,169. Therefore, it was assumed that the reactivity of BL 
is not affected with up to 50% on mass basis of blend-in feedstock addition and 
that the same gasification temperature of 1050°C is used for all the cases, i.e. pure 
BL gasification and co-gasification of BL with blend-in feedstocks. With the addition 
of high-energy blend-in feedstocks to BL, the CGE is increased by 5-11 percentage 
points as a result of the decrease in thermal ballast. 

The highest CGE, was observed with unwashed lignin. In this case, a temperature 
of 1050°C was chosen based on un-published experimental data showing that its 
gasification behaviour is very similar to the one of BL. Unwashed lignin showed 
higher CGE than pure BL due to its lower water content. 

The marginal CGE represents the CGE of the blend-in feedstocks alone but under 
the influence of the catalytic effect of BL´s alkali. It is higher than the CGEs of the 
respective blends as the thermal influence of the inorganics in BL is removedq. 

OVERALL SYSTEM EFFICIENCY 
The overall energy efficiency for the stand-alone methanol plant in terms of (i) 
actual energy flows ( ) and (ii) energy terms re-calculated into electricity equivalents 
( el.eq.) are presented in Figure 11a. In the same plot, the efficiency of the systems 
when the hot water surplus is considered is also presented as well as the biofuel 
produced in each case (Paper III). 

When run with non-impregnated forest residues, the heat surplus from the biofuel 
plant is sufficient to cover the pre-treatment, produce electricity and make hot 
water available for use in a potential district heating network. The extra heat 
required for impregnationr cannot be covered by the heat surplus from the biofuel 
plant, hence additional biomass is required. Despite the increase in methanol 
production, impregnation offers no efficiency improvement. It must however be 
pointed out that the benefits of catalytic gasification are beyond increased biofuel 
production. The improvements in the operation process observed 
experimentally92,93,142 can outweigh the efficiency losses. Unwashed lignin gasified 
in parallel with impregnated forest residues shows the highest efficiency. When 
compared with the impregnated case, it shows very similar biofuel production 
without requiring additional biomass. 

Regarding the integrated biofuel plant, the energy input increased by approximately 
50% when a constant amount of BL was mixed with blend-in feedstocks with higher 
heating value at a blending ratio of 80/20 in mass basis. The energy input can be 
three times higher than for pure BL when a blending ratio of 50/50 is used instead. 
In terms of biofuel production, an increased capacity of up to 80% and 300% can be 
accomplished with blending ratios of 80/20 and 50/50 respectively (Paper V). As 
the biofuel production capacity increases, the electricity requirement to run the 
integrated biofuel plant increases as well. 

                                          
q Regardless of the blending ratio, the marginal CGEs are equal for each blend-in feedstock 
with the exception of the PL cases. A decrease in marginal CGE, from 83% to 78%, was 
observed for the BL+50% PL case, which was the result of the addition of NaOH, required to 
properly blend BL with PL (see Publication V). The addition of NaOH led to an increase in 
thermal ballast. 

r The increased heat demand in the impregnated cases is a result of the additional heat 
required to dry the biomass after being soaked with the alkali solution. 
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In contrast to an electricity self-sufficient stand-alone PM, when integrated with a 
biofuel plant it generates significantly less electricity (exclusively via the back 
pressure turbine) and will therefore need to purchase electricity from the grid. 

The marginal overall system efficiencies for the integrated biofuel plant are 
presented in Figure 11b in terms of (i) actual energy flows, (ii) energy terms re-
calculated into electricity equivalents and (iii) electricity generation from biomass. 
The biofuel production is presented for each case in the right axes. 

 

 
Figure 11: (a) Overall system efficiency for a stand-alone biofuel plant using the energy terms directly 
( ) or converting them into electricity equivalents (  el.eq.). The hatched part comprises the additional 
efficiency gain when including the hot water surplus (Paper III). (b) Marginal overall system efficiency 
of the different cases analysed in the integrated methanol plant (Paper V) using the actual energy 
terms (red bars), electricity equivalents (grey bars) and assuming electricity production from biomass 
(light green bars). The labels in the x axis are the following, BL: black liquor, PL: pyrolysis liquid, CG: 
crude glycerol and FR: fermentation residues. 
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The efficiency trends obtained with the different methods are not consistent (Figure 
11b). When using the electricity equivalents (grey bars), the variation in marginal 
efficiency is relatively small among the different cases but a small increase is 
observed with increasing blending ratios. Conversely, when using the actual energy 
flows (red bars), the highest efficiency is observed in the BL gasification case, with 
the efficiency dropping with increasing blending ratios. While these results may 
seem contradictory, they show different aspects of the efficiency improvements of 
integrating a biofuel plant and of adding blend-in feedstocks with different blend 
ratios. 

When converting the energy terms into electricity equivalents, the marginal overall 
efficiency reveals that the increased biofuel production can offset the decrease in 
electricity production and the increase in biomass demand. 

When using the actual energy flows, the high marginal efficiency yielded by the 
pure BL case highlights the strong efficiency gain as a result of the integration 
alone. With the integration, BL was no longer burned in the recovery boiler and 
converted into steam and electricity at efficiencies below 40%, but instead it was 
converted into biofuel with an efficiency of approximately 60%. In addition, a part of 
the steam produced in the biofuel plant was sent to the PM. The decrease in energy 
efficiency with increasing blending ratios reveals that, in comparison to the stand-
alone PM, the blending cases show a lower energy gain than the pure BL case, 
which is partly a result of the increased operational energy demands. 

In an attempt to make the systems more comparable in terms of primary energy 
requirements (i.e. electricity source), the marginal efficiency was calculated 
assuming electricity generation from biomass. As can be seen in Figure 11b, the 
marginal efficiency for pure BL became lower, the efficiency increased with 
increasing blending ratios and the results are now in agreement with those 
obtained using electricity equivalents. 

SYSTEMS EFFICIENCY CALCULATION METHODS 
The analysis above has demonstrated the importance of using more than one 
method to calculate the energy efficiency of a particular system. On one hand, it 
provides a means to examine the value of different energy qualities. On the other 
hand, it is a useful way to find specific aspects of the energy systems, e.g. 
differences in energy conversion processes. The use of different methods is more 
relevant in complex energy systems or system comparisons. In the stand-alone 
methanol plant, efficiency values were different between the two calculation 
methods, but both followed a similar trend; in the integrated methanol plant 
however, not only the absolute efficiency values were different but they also followed 
different trends. 

5.1.2 COMBUSTION PERFORMANCE 
The combustion performance of the non-woody fuels was evaluated based on the 
gaseous and particle emissions as well as slagging tendency.  

GASEOUS EMISSIONS 
The gaseous emissions are presented and discussed in terms of the influence of 
(i) the combustion appliances and (ii) different feedstocks. 

The influence of the combustion appliances was evaluated by comparing gaseous 
emissions (CO, NOX and when available SO2) measured in the different appliances 
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operated with maize, Miscanthus and straw (Paper I). The results are presented in 
Figure 12.  

The considerably lower CO emissions shown by combustion appliances B2 and B4 
can be partly explained with the type of controlling mechanism. Both B2 and B4 are 
controlled with a lambda probe which can operate at constant excess air ratios 
independently of the fuel. Combustion appliances B1 and B3 had most probably 
more difficulties in reaching stable combustion conditions with non-woody fuels 
leading to the formation of products of incomplete combustion, such as CO. In 
addition, as a result of the high air ratios used in B1 and B3, the temperatures in 
the combustion chamber decreased, thus affecting the CO emissions. 

In small-scale combustion systems, NOX emissions are mainly controlled by the N 
content in the fuel170. It can however be noticed, that the same feedstocks burned in 
different combustion appliances showed different NOX emissions. Differences in the 
(i) combustion chamber design, (ii) position and proportion of primary and 
secondary air supply and (iii) fuel bed height are possible reasons for the disparity 
in NOX emissions (Paper I). 

 
Figure 12: Gaseous emissions from burning maize, straw and Miscanthus in different combustion 
appliances. The SO2 emissions were of measured in combustion appliances B1 and B3. 

The combustion appliances had no significant influence on the SO2 emissions. 

0

100

200

300

400

500

CO NOx SO2

Em
is

si
on

s [
m

g/
M

J]
 

Wood Maize Miscanthus

Combustion 
appliance B1 

0

100

200

300

400

500

CO NOx SO2

Em
is

si
on

s [
m

g/
M

J]
 

Wood Maize Miscanthus Straw

Combustion 
appliance B2 

0

100

200

300

400

500

CO NOx SO2

Em
is

si
on

s [
m

g/
M

J]
 

Wood Maize

Miscanthus Straw

Combustion 
appliance B3 

0

100

200

300

400

500

CO NOx SO2

Em
is

si
on

s [
m

g/
M

J]
 

Wood Maize Miscanthus Straw

Combustion 
appliance B4 



Results and discussion 

39 

Combustion appliance B4 was the one chosen to perform the combustion tests 
reported in Paper II as it proved to be the best in minimising emissions and in 
handling high ash fuels, as described later in this section. 

The influence of the feedstocks was evaluated by comparing CO, NOX and SO2 
emissions measured in combustion appliance B4 when operated with seven non-
woody feedstocks (Paper II). The results are presented in Figure 13a. 

 
Figure 13: (a) Gaseous emissions when burning agricultural feedstocks in combustion appliance B4. 
The solid red line corresponds to the EU’s legal requirements for CO emissions defined in the EN:303-
5:2012159 for boiler class 5. The dashed red line corresponds to the Austria legal requirement for NOX 
emissions and non-woody biogenic fuels. (b) NOX emissions as a function of the N content in the 
feedstocks. (c) SO2 emissions as a function of the S content of the feedstocks. The discussion on the 
compliance with the EU’s legal requirements is presented in section 5.1.4. 

Straw, wheat bran and hay were the fuels releasing the highest CO emissions. It 
was pointed out in Paper II that these high CO emissions were a result of (i) non-
optimal air ratios, (ii) disturbances caused by ash lumping and slag or (iii) 
operational loads. 

At the temperatures experienced in small-scale combustion, N content is the main 
driver for NOX emissions170 as the present results can verify. However, the two 
parameters are not linearly correlated (see Figure 13b), showing that there are 

                                          
s Regardless of an operation with a relatively constant air ratio, it was shown in Paper II that 
the combustion appliance did not supply the optimal air ratio to minimise CO emissions for 
most of the feedstocks. 
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factors influencing the NOX emissions other than just the N content. The 
concentration of CO in the flue gas and the catalytic effect of char were identified in 
Paper II as parameters that had potentially influenced NOX emissions. 

The variation of the SO2 emissions is strongly correlated with the sulphur content 
in the fuels as illustrated in Figure 13c. 

PARTICLE EMISSIONS AND SLAGGING TENDENCY 
During combustion of straw and maize, unwanted shutdowns of combustion 
appliances B1, B2 and B3 occurred due to slag formation and ash accumulation on 
the grate or plate. The same did not occur when the same fuels were used in 
combustion appliances B4 as this appliance was able to effectively remove ash 
lumps and slag from the grate (Papers I and II). Figure 14 illustrates the ash 
accumulation at the end of the combustion tests using straw in appliances B2, B3 
and B4. 

 

Figure 14: Ash lumps and slag formed on the plate and grate of combustion appliances (a) B2, (b) B3 
and (c) B4 when operated with straw pellets.  

Figure 15 presents the particle emissions and the slag in the ash at the end of each 
test in combustion appliance B4 (Paper II). 

 
Figure 15: Particle emissions (left axis) and percentage of the slag in the ash (right axis). The error 
bars correspond to the SEM (Standard Error of the Mean). Red lines correspond to the EU’s legal 
requirements for particle emissions defined in EN:303-5:2012159 for non-woody biogenic fuels and 
boiler classes 3, 4 and 5. The discussion on the compliance with the EU’s legal requirements is 
presented in section 5.1.4. 

Clear differences between the particle emissions and slagging tendency can be seen 
when different fuels are burned. Among the fuels tested, Miscanthus and vineyard 
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pruning produced the lowest particulate emissions and the least slag. This similar 
performance is most probably a reflection of their equally low alkali metals content. 
These two fuels however, varied strongly in terms of Si and alkali earth metal 
contents. Vineyard pruning and Miscanthus were dominated by alkali earth metals 
and Si respectively. Higher particle emissions and increased slagging tendency were 
observed during combustion of straw, maize, wheat bran and Sorghum. As 
expected, these fuels also showed higher alkali metal contents than Miscanthus and 
vineyard pruning. 

5.1.3 INFLUENCE OF ALKALI 
The influence of the alkali content in the non-woody feedstocks, by impregnation 
(Papers III and IV) or by blending with high-alkali BL (Paper V) was evaluated. 

SMALL-SCALE COMBUSTION APPLIANCES 
In Figure 16, the particle emissions and the slagging tendency (% of slag in the ash) 
were plotted together with relevant fuel indices. The p-values from the T-test are 
presented in the plots area.  

 

 
Figure 16: Total particle emissions (left axis) and slag in the ash (right axis) as a function of (a) K+Na 
in the fuels (in logarithmic scale); (b) 2K/S molar ratio; (c) K/(Si+P) molar ratio and (d) (K+Na)/(Ca+Mg) 
molar ratio. 
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The plots in Figure 16a-d show the strong impact of alkali metals on ash related 
problems, i.e. higher alkali content leads to higher particle emissions and increased 
slagging tendency. 

However, the correlations between the sum of alkali metals and particle emissions 
or slagging tendency (Figure 16a) are not statistically significant (p>0.05), which 
confirms that the alkali content alone is not sufficient to account for the ash-related 
problems. The influence of the alkali metals in the ash behaviour is complex and 
also strongly connected to and affected by other fuel elements including S, Si, P and 
alkali earth metals, as illustrated in Figure 16b-d. These results confirm earlier 
findings regarding the role of S in decreasing particle emissions155, the influence of 
Si and P in retaining K in the char phase156 and the impact of alkali earth metals in 
reducing both particle and slag formation106. 

The selected fuel indices (Figure 16b-d) are more strongly correlated with particle 
emissions (p<0.01) than with the slagging tendency (p=0.04). This difference can be 
due to the method used to quantify the slagging tendency, which was not only 
dependent on the total mass of slag but also on its structure and hardness, i.e. soft 
or fragmented slag samples could break or dismantle during sieving and would not 
be considered slag. 

LARGE-SCALE GASIFICATION PLANTS 
Conversely, alkali impregnation or blending with the alkali rich BL had a positive 
influence on the gasification systems. 

Impregnation allowed a reduction of the gasification temperature and consequent 
increase in CGE (Papers III and IV). Moreover, Furusjö et al.94 have shown that 
alkali impregnation led to a substantial reduction in the S content of the syngas, 
allowing the replacement of the expensive AGR unit (normally based on the Rectisol 
technology) by a less expensive combination of systems (Paper IV). The new syngas 
cleaning system comprises (i) entrained flow gasifier with S removal (ii) further S 
removal using a zinc bed, (ii) tar removal with the help of a carbon filter and (iii) 
CO2 reduction with zeolite membranes. As shown in Paper IV this new cleaning 
system had economic advantages over the well-established Rectisol technology, as 
also discussed further in Section 5.2. 

The blend-in feedstocks could be gasified at low temperatures (1050°C) as a result 
of the alkali addition in the form of BL, leading to high CGEs (Paper V). Additionally, 
pilot scale experiments have shown that BL co-gasification allows an almost 
complete carbon conversion84. To reach a similar carbon conversion without the 
alkali inherent in BL, the blend-in feedstocks would require higher operation 
temperatures in the range of 1200-1600°C, as reported by Dahmen et al139 and 
Viguié et al138 for pyrolysis liquid and torrefied biomass respectively. Operation at 
higher temperatures would however result in a penalty in the CGE. 

5.1.4 FEASIBILITY 
The opportunity of applying non-woody fuels in small-scale combustion systems is 
described. Moreover the potential availability of crude glycerol and fermentation 
residues in Europe is shortly discussed in the context of the required volumes for 
black liquor co-gasification in Sweden. 

COMBUSTION 
The technical assessment of small-scale combustion appliances operated with non-
woody fuels was made by comparing the combustion efficiency and the emissions 
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with legal requirements according to EN-303:5-2012159 and by analysing technical 
limitations of the combustion appliances.  

All the feedstocks can be burned in the different combustion appliances while in 
compliance with the CO legal requirements159 for class 5 as shown in Figure 13. 
The standard159 states that non-woody biomass does not need to fulfil the particle 
emission requirements as long as it does not exceed 200 mg/Nm3 at 10% O2 
(approximately 130 mg/MJ). As illustrated in Figure 15, the majority of the 
feedstocks show particle emissions below that level. Nevertheless, some of the 
feedstocks can be burned while in compliance with particle emission requirements 
for class 3, 4 and 5, in particular Miscanthus and vineyard pruning. The standard 
does not include emission limits for NOX emissions. Among the country deviations, 
only Austria had defined a legal requirement for NOX, 300 mg/MJ for non-woody 
biogenous fuels, which can be fulfilled by the majority of the feedstocks with the 
exception of maize (Figure 13a). All the fuels burned in combustion appliances B2 
and B4 satisfy the efficiency requirements for class 5 while combustion appliances 
B1 and B3 can only fulfil the requirements of class 3, with the exception of maize 
burned in B1. 

The emissions still have the potential to be decreased. The NOX emissions are 
mainly connected with the N content of the fuel but the combustion chamber design 
and air staging can be key features to reduce NOX emissions (Paper I). Lambda 
probe was shown to be the most suitable control mechanism for non-woody fuels 
but it is important to make it more flexible by e.g. improving the control algorithm, 
so that the operation settings are changed according to the fuel type (Paper II). 

The combustion appliances showed different abilities in burning the different non-
woody biomass fuels. Combustion appliance B3 was the least adequate in terms of 
ash handling, which was connected to the burner design (Paper I). A strong 
limitation of combustion appliances B1 and B2 was the burner plate design (Paper 
I). Appliance B4 was able to remove the ash or slag from the grate area and 
unwanted shutdowns did not occur during the testing period (Paper II). 

The parameters identified that can establish whether a biomass feedstock can be 
used as fuel in small-scale combustion systems were: 

biomass composition, in particular the N-content which is relevant in NOX 
emissions as well and ash composition which is a key parameter in both 
particle emissions and slag formation. 

The most important limitations of the combustion appliances were identified to be: 
the ability of the combustion appliances to deal with high ash content fuels. 
This means that they require a suitable mechanism of ash removal from the 
primary combustion zone in order to avoid ash lumping or slag formation. 
Moreover, the appliances require an advanced controlling system that can be 
able to adapt the combustion conditions to the strong variability of the non-
woody feedstocks. 

CO-GASIFICATION 
Figure 17 shows the accumulated volumes of crude glycerol and fermentation 
residues required to replace 13 of the current oldest recovery boilers in Sweden171 
with the co-gasification concept for each of the two considered blending ratios. 
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Figure 17: Accumulated crude glycerol and fermentation residues required to replace aging recovery 
boilers with the co-gasification concept (dash and solid lines). The bars represent the black liquor (BL) 
available in each individual pulp mill and correspondent blend-in feedstocks. (a) BL blended with 20% 
crude glycerol, (b) BL blended with 50% crude glycerol, (c) BL blended with 20% fermentation residues 
and (d) BL blended with 35% fermentation residues. 

Large volumes of blend-in feedstocks would be required to implement the co-
gasification concept in a PM. By replacing the oldest Swedish recovery boiler with 
co-gasification a glycerol volume in the range of 500 to 1900 ktons would be 
required annually. The smallest PM would require annual glycerol volumes in the 
range of 50 to 250 ktons. When fermentation residues are used as blend-in 
feedstocks, annual volumes in the range of 30 to 800 ktons would be necessary. 

Assuming a yield of fermentation residues of 20%t in mass basis, a lignocellulosic 
ethanol production in the range of 150 – 4000 ktons per year would be needed to 
cover the residue demand. The current annual ethanol production capacity in 
Europe is of approximately 6000 ktons172 but it is mainly cereal based. 
Lignocellulosic ethanol plants in Europe are currently mainly pilot or demonstration 
plants. 

According to the European biodiesel board173, there are currently approximately 
120 plants in the EU producing up to 6100 ktons of biodiesel annually. Assuming a 
production rate of 1 kg of glycerol formed from 10 kg of biodiesel, a total of 
approximately 610 ktons of glycerol is produced annually in the EU. 
                                          
t Assuming a lignin content in biomass of 20-30%. 
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Despite the growing availability and high energy potential of crude glycerol and 
fermentation residues86,87,174,175, the present biofuel market is unable to supply the 
large volumes of these feedstocks required to implement the co-gasification concept 
in PMs, in particular with the high blend-ratios assumed in this thesis. 
Furthermore the introduction of the co-gasification concept could considerably 
impact the European glycerol market, in particular if the EU’s regulations influence 
the biodiesel production negatively. 

However, it would be possible to use only a partial stream of the total black liquor 
flow from a pulp mill, while also keeping the recovery boiler for processing the rest 
of the black liquor. This would lead to the potential dual benefit of increased pulp 
production from debottlenecking the recovery boiler, and significantly reduced 
technical risk compared to total replacement of the recovery boiler with black liquor 
gasification. 

5.2 ECONOMIC ASSESSMENT 

Methanol was the biofuel of choice in this thesis. The required methanol prices to 
reach an Internal Rate of Return (IRR) of 15% are presented in Figure 18 for the 
analysed energy systems, i.e. stand-alone and integrated biofuel plants (Papers III-
V). Taxes have not been included in the final prices. The potential economic benefits 
of using the hot water surplus in district heating networks were not included in the 
analysis. 

 
Figure 18: Required methanol selling price to reach and IRR of 15% for the different analysed energy 
systems. The labels in the x axis are the following, BL: black liquor, PL: pyrolysis liquid, CG: crude 
glycerol and FR: fermentation residues.  

In a stand-alone plant (Paper III) the impregnated cases required higher investment 
and running costs than the non-impregnated ones. Nonetheless, alkali 
impregnation does not lead to a significant increase in methanol production costs 
as a result of the increase in methanol production. 
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A 6% increase in the required selling price is obtained when impregnated forest 
residues are gasified in parallel with unwashed lignin, which is a result of the high 
lignin price (65% higher than the one found for forest residues, as can be seen in 
Table 6). 

In addition, alkali impregnation provides the possibility of replacing the expensive 
acid gas removal unit, given the 77% S removal from the syngas during 
gasification94. The replacement with a cheaper syngas cleaning system (Paper IV) 
results in a reduction in the methanol required selling price between 3 and 
7 €/MWhu (Figure 18). The sensitivity analysis has shown a high level of robustness 
in the production costs; regardless of the (i) increase of the electricity prices by 
30%, (ii) increase of the investment costs for impregnation and new cleaning 
systems by 50% or (iii) reduction of the on-stream time to 90% of the original time, 
independently of one another, the required methanol price would still be reduced 
with the replacement of the acid gas recovery unit. 

Despite using different feedstocks, the required selling prices are significantly 
reduced when methanol is produced in an integrated system (Paper V). When 
compared to a stand-alone biofuel plant, a reduction of approximately 20 €/MWh 
can be accomplished with the integration in a PM and using pure black liquor as 
the gasification feedstock. This difference is partially due to economies-of-scale 
effects, as the size of the methanol plant increases from 300 MW in the stand-alone 
to 509 MW in the integrated case. 

The methanol selling prices reached in the integrated biofuel plant cannot however 
be generalised to all PMs. Factors including the size85, type (pulp or pulp and 
paper)78 and energy efficiency of the mills, may considerably affect the final biofuel 
selling prices. 

When blend-in feedstocks are co-gasified with black liquor, different required selling 
prices and trends are obtained depending on the type of blend-in feedstock. The 
results show an economic advantage of the co-gasification pathway when crude 
glycerol or fermentation residues are used. The required selling price decreases with 
increasing blend-in ratio, due to increased economies-of-scale effects. The largest 
decrease was observed for the crude glycerol case. Conversely, for pyrolysis liquid, 
the required selling price increases with increasing blending ratios as a result of the 
high PL purchasing costs. These results are in agreement with Andersson et al.85 
who concluded that for large PM sizes, as in the case of the present study, the PL 
purchasing costs off-set the economy-of-scale-effects. 

Methanol required selling prices were compared with cellulosic ethanol160 as well as 
with EU gasoline price rangesv (Paper V). 

The required selling prices were in the same range or below the production costs of 
cellulosic ethanol for stand-alone and integrated plants (see Figure 18). The only 
exception is the impregnated forest residues and unwashed lignin case which is 
slightly above the upper limit of the cellulosic ethanol production costs. These 
results demonstrate that methanol production via gasification/co-gasification can 

                                          
u The decrease in the methanol selling price, as a result of the replacement of the Rectisol 
technology for the new syngas cleaning system, was calculated in Paper IV for an IRR of 
10%. The values presented in this thesis are however for an IRR of 15%.  

v The gasoline price range used in Publication V corresponds to the time interval from Sep 
2016 to Aug 2017. 
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result in biofuel required selling prices similar to or lower than the prices of other 
existing biofuel technologies. 

The methanol produced using a high blending ratio of CG (50/50) can actually 
compete with untaxed gasoline in some EU countries. Moreover, assuming no taxes 
for biofuels the required selling prices could compete with taxed gasoline in all or 
some of the EU countries. This is valid for all the cases analysed. As a result, 
governmental incentives in the form of tax exceptions or monetary incentives have 
the capacity to make bio-methanol production via gasification competitive with 
fossil fuels. 

Sensitivity analysis of relevant parameters (Papers III and V) has shown that the 
highest impact on the required selling price was the methanol plant investment 
costs. However, even by increasing the plant’s investment costs by 30%, the prices 
would still be within the range of the taxed gasoline. 
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6 CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE WORK 

This chapter assembles the conclusions of the research work reported in the appended Papers 
in relation to the defined objectives. Overall conclusions on the potential feasibility of the 
selected biomass feedstocks are presented. This chapter ends with suggestions for further 
work.  

This thesis investigated opportunities to broaden the biomass feedstock in 
thermochemical conversion processes, namely combustion systems and entrained 
flow gasification plants with downstream biofuels production. The investigation was 
based on (i) experimental tests in small-scale combustion appliances designed for 
woody fuels and (ii) gasification and biofuel synthesis simulations. The investigation 
covered technical and economic aspects of the energy systems operated with a 
variety of alternative biomass feedstocks. 

6.1 CONCLUSIONS 

The following specific conclusions can be drawn: 

Non-woody biomass feedstocks are technically challenging fuels for small-
scale appliances. However, it is possible to use them in small-scale 
combustion systems as long as the combustion appliances have proper ash 
management devices (Papers I and II). 

o The most relevant parameters identified to determine whether a 
biomass feedstock can be recommended for use in small-scale 
appliances were: (i) N-content and (ii) ash composition. 

o The limitations of the combustion appliances were identified to be (i) 
difficulties in dealing with ash/slag accumulation and (ii) ineffective 
controlling mechanism for different feedstock qualities. 

In large-scale gasification systems, the investigated cases had a good 
economic performance as biofuel (methanol) required selling prices were 
economically competitive with other biofuel production routes as well as with 
taxed gasoline. The co-gasification concept, in particular when black liquor is 
blended with 50% crude glycerol, can result in biofuel prices potentially 
competitive with those of untaxed gasoline (Papers III-V).  
Alkali plays a key role in thermochemical conversion processes. It has been 
confirmed that alkali has a negative influence in small-scale combustion 
appliances, as it may lead to ash-related problems (Papers I and II), whereas 
it acts as catalyst in gasification increasing cold gas efficiencies and biofuel 
yields (Paper III-V). 
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In entrained flow gasification, alkali addition via (i) impregnation or (ii) 
blending with alkali-rich black liquor (co-gasification concept) are attractive 
options to increase energy performance and downstream biofuel production
volumes when compared to non-impregnated feedstocks and pure black 
liquor gasification respectively (Papers III-V).  

o In terms of economic performance, the additional costs associated 
with impregnation did not increase the production costs (Paper III). 

o Biomass impregnation allows the application of a new syngas system 
which led to a reduction of the biofuel production costs (Paper IV). 

o Techno-economic benefits are obtained by taking advantage of (i) the 
catalytic effect of black-liquor’s alkali and (ii) economy-of-scale effects. 
The techno-economic benefits can be enhanced by choosing energy-
rich and low-cost blend-in feedstocks (Paper V). 

Overall, it can be concluded that there are opportunities to broaden biomass 
feedstocks in thermochemical conversion technologies as illustrated schematically 
in Figure 19. 

 

Figure 19: Opportunities to broaden the biomass feedstocks (a) in small-scale combustion systems 
and (b) large-scale gasification-based biofuel plants. Solid lines represent to proven opportunities; 
dashed lines represent potential opportunities. 

(b) 

(a) 
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Among the investigated feedstocks, Miscanthus, vineyard pruning, hay and wheat 
bran are technically suitable to be burned in small-scale combustion appliances 
that have effective ash-removal mechanisms. Forest residues (when impregnated 
with alkali), as well as blends of black liquor with pyrolysis liquid, crude glycerol or 
fermentation residues, are technically and economically suitable feedstocks for 
biofuel production via entrained flow gasification. The limitations of the co-
gasification concept were pointed out as (i) high prices of pyrolysis liquid and (ii) 
uncertainties regarding availability.  

Advanced biofuels production costs are close to being competitive with fossil fuels. 
Policy support, in the form of financial support or tax incentives, is however still 
required to aid in the still existing price difference between bio and fossil fuels. In 
particular, with the current low fossil fuel prices, such support would facilitate the 
commercialization of advanced biofuels by reducing investment risks and 
safeguarding the return on investment. 

6.2 FUTURE WORK 

In the sequence of the research work completed this far, natural extensions can be 
considered. 

Non-woody biomass feedstocks can be utilised in small-scale combustion systems, 
but gaseous as well as particle emissions are still considerably higher in 
comparison to woody fuels. Air quality concerns will most probably motivate a 
reduction in the legal emission requirements for non-woody fuels in a near future. 
In fact, the legal emission requirements in certain European countries have already 
become more stringent. From 2015, in Austria and Germany, particle emissions are 
limited to 35 mg/MJ and to approximately 13 mg/MJ respectively. As a result, the 
future utilisation of non-woody fuels will greatly depend on the development of 
cleaner combustion technologies. Technology improvements in terms of (i) air or 
fuel staging, (ii) fuel-sensitive control mechanisms and (iii) combustion chamber 
design, are some examples that could considerably reduce NOX and particle 
emissions during combustion of non-woody biomass combustion and that could 
therefore be a topic for further investigation. 

The co-gasification concept was shown to be an attractive option to increase biofuel 
production volumes and the flexibility to the biofuel plant. Given the limited 
availability of some of the investigated blend-in feedstocks, further techno-
economics as well as environmental performance analysis would be required in 
order to investigate the co-gasification option for partial black liquor streams. 
Furthermore, knowledge is still lacking on the potential consequences such concept 
would have on pulp mills. 

Positive techno-economic effects were identified with the replacement of the AGR 
unit with the new syngas cleaning system. However, this new system will require 
further testing in lab or pilot scale for system verification and validation. 

Regarding the feedstocks investigated for gasification-based biofuel production, 
further pilot-scale testing is required to validate lab-scale experiments and 
simulations for (i) impregnated forest residues and (ii) co-gasification concept using 
crude glycerol and fermentation residues as blend-in feedstocks. 
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Straw, Miscanthus, maize, and horse manure were reviewed in terms of fuel characteristics. They
were tested in existing boilers, and the particulate and gaseous emissions were monitored. The ash
was analyzed for the presence of sintered material. All the fuels showed problems with ash lumping
and slag formation. Different boiler technologies showed different operational performances. Maize
and horse manure are problematic fuels regarding NOx and particulate emissions. Miscanthus was
the best fuel tested. Due to the big variation of fuel properties and therefore combustion behavior
of agricultural biomass, further R&D is required to adapt the existing boilers for these fuels.

Keywords: Agricultural fuels; Combustion; Emissions; Ash; Slagging

INTRODUCTION

Currently, the share of renewable energy in the European Union (EU) is slightly
above 6% and according to the European Commission’s white paper (1997), the
goal is to double this value by the year 2010. Biomass accounts for about one-
half of the renewable energy used in the EU (Commission of the European Com-
munities, 2005) and there is large potential to further increase the utilization.
Therefore, biomass is expected to play an important role in reaching the European
Commission’s target. In particular, the share of solid biomass for heating purposes
can be further increased by replacing oil- and gas-fired furnaces with biomass
boilers and by expanding the spectrum of biomass raw materials for small-scale
combustion systems, e.g., agricultural residues and energy crops. Furthermore, the
interest in using alternative biomass materials for small-scale combustion systems
has been increasing in several European countries. The main reason is higher
prices for woody biomass due to an increased demand. It may also be expected
that the competition for wood will continue to increase mainly due to the follow-
ing reasons: 

*Address all correspondence to Joakim.Lundgren@ltu.se
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• The demand for woody biomass in sawmills and the pulp and paper in-
dustry

• The future production of the second generation of automotive fuels based
on woody biomass
The increasing demand and sale of small-scale pellet boilers in several
European countries, e.g., Austria and Germany, which have led to an in-
creased demand of fuel supply, i.e., woody materials

There are several benefits from growing energy plants or using agricultural
residues for energy purposes. Energy crops can provide a supplemental income for
farmers and at the same time prevent soil erosion. Furthermore, the utilization of
a broader variety of biomass materials can create more job opportunities for power
and agricultural equipment industries. Straw is an agricultural residue that typically
is used as bedding material for cattle or left on the fields as soil fertilizers. How-
ever, in places with dry climate, the full-grown straw may not be suitable as fertil-
izer and could instead be valorized as biomass fuel. Another interesting new and
alternative residue that can be used as a fuel for energy purposes is horse manure
mixed with different bedding materials such as straw and wood shavings. As one
measure to reduce the ever-increasing amount of refuse at landfills, the European
Commission has decided to prohibit deposition of organic materials in Europe.
Due to this, stable owners need to find practical, environmental, and economic al-
ternatives for handling the horse manure. One possibility is composting and fur-
ther use as fertilizer. However, according to Lundgren and Pettersson (2004), this
possibility is only economically viable if the land is sufficiently near the manure
production to minimize transportation costs. On the other hand, horse manure may
contain oat weeds and cereal, and farmers normally hesitate to accept this type of
fertilizer on their fields. Consequently, the combustion of horse manure for heat
generation is an attractive solution for stable owners and riding schools. This un-
refined fuel, due to practical reasons, should only be used in situ and in combus-
tion systems with a heat capacity higher than ~100 kW.

Despite the high availability, rapid growth, abundance, or underutilization,
agricultural residues and energy crops have, in general, certain physical and
chemical properties that may induce problems during combustion. In addition to
their relatively low heating value, on average 5–10% lower than wood, they have
higher ash contents, lower ash melting points, and higher concentrations of nitro-
gen (N), sulphur (S), and chlorine (Cl) than typical woody fuels (Werther, 2000).
Large ash quantities in connection with low ash melting points can cause distur-
bances by the formation of deposits in combustion systems not prepared for non-
wood fuels. The sintered deposits or slags are either glassy fused coatings or
agglomerates of ash bonded together with a glassy material (Miles, 1996). The al-
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kali (sum of potassium and sodium oxides), alkali earths (sum of magnesium and
calcium oxides), and silica (SiO2) are very important ash components in the forma-
tion of slag. Silica is often a major element in ash-rich fuels and does not consti-
tute a problem for biomass boilers itself due to the high melting point (= 1713oC).
However, silicon (Si) in combination with potassium (K) can lead to formation of
low-melting-point compounds that may slag at normal boiler furnace temperatures
(800–900oC) (Miles, 1996; Obernberger, 1998). Calcium (Ca) and magnesium
(Mg) normally increase the melting temperature of ashes (Obernberger, 1998).
Results from chemical characterization of slag samples show that they consist of
a large number of different particles held together by a "sticky" silicate melt
(O
..

hman, 2004). High concentrations of sulfur, nitrogen, and chlorine intensify the
emissions of sulphur dioxide (SO2), nitrogen oxides (NOx), and hydrogen chloride
(HCl) and may cause the formation of dioxins and furans under unfavorable com-
bustion conditions (Werther, 2000). According to Obernberger (1998) and Van
Loo and Koppejan (2002), the guiding ranges for nitrogen, sulfur, and chlorine in
biomass fuels (in weight percent of dry fuel) for unproblematic thermal utilization
are as follows:

• N concentration below 0.6% for NOx emissions
• Cl concentration below 0.1% for HCl emissions and 0.3% for dioxins and

furans emissions
• S concentrations below 0.2% for SOx emissions

Chlorine and sulfur are, besides promoting the formation of deposits, also in-
volved in corrosion reactions of metals (Obernberger, 1998; Bryers, 1996; Van
Loo and Koppejan, 2002). Furthermore, combustion of any type of biomass fuels
also involves emission of particles from inorganic materials and particles due to
an incomplete combustion process. The inorganic material is a result of entrain-
ment of ash particles and salts, basically consisting of K, Na, S, Cl, and Zn
(Brunner et al., 2006) in the flue gas. Particle emissions from incomplete combus-
tion include soot, char, and condensable organic particles (tar) (Van Loo and Kop-
pejan, 2002; Johansson, 2003). The emission of the latter type of particles, as for
CO emissions, may be a result of too low combustion temperatures, too short
residence time, or lack of available oxygen (Van Loo and Koppejan, 2002).

Over the years, small-scale biomass combustion systems have reached a high
quality performance level. The efficiency has increased, the emissions have de-
creased, fully automatic operation systems have been developed, and the combus-
tion technology has been optimized for woody biomass fuels. The future utiliza-
tion of a wider base of raw materials for thermal conversion in small-scale com-
bustion systems requires further research and development of the existing boiler
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technologies. The challenge is to adapt and develop these systems, enabling a
trouble-free operation with low emissions also when burning nonwoody and
lower-quality biomass fuels.

The increasing interest in alternative biomass materials in Austria has led to
the creation of threshold values for the combustion of nonwoody biomass fuels in
small-scale combustion systems with nominal heat output up to 400 kW. This
new regulation, Article 15a B-VG Schutzmaβnahmen betreffend Kleinfeuerungsan-
lagen Laenderexpertenkonferenz Heizungsanlagen, will come into force in all fed-
eral states of Austria in the near future. This directive specifies emission limits
for nonwood standardized fuels for carbon monoxide (CO), nitrogen oxides (NOx),
organically bound carbon (OGC), and total suspended particles (TSPs). The new
regulation also defines stricter limits for OGC and TSP for wood combustion than
the present directive. At present, no official regulations for small- and medium-
scale biomass combustion plants concerning emissions of CO, NOx, or TSP exist
in Sweden, but there are recommended limits. In Sweden, there is no emission
limits for small-scale systems appliances up to a nominal heat output of 500 kW,
but only guideline emission levels for CO and TSP that are recommended to be
followed. Table 1 shows the future limits in Austria and the recommended emis-
sion values in Sweden. The units of the threshold values for Austria and Sweden
are presented in mg/MJ and mg/Nm3, respectively. It should be pointed out that
the CO emission limit in Sweden is one-half of that in Austria, while Austria has
a stricter emission limit for TSP, at almost one-half of the Swedish value.

There is no common legislation for emission limits for small- to medium-
scale biomass appliances within the EU. Emission limits for selected European
countries are presented in Van Loo and Koppejan (2002).

The main objective of this study has been to review the fuel characteristics
of a variety of agricultural raw materials such as straw, Miscanthus, maize, and
horse manure mixed with two different bedding materials, namely, wood shavings
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TABLE 1  Emission limits for standardized fuels in Austria for automatically fed boilers up
to a nominal heat output of 400 kW, according to Laenderexpertenkonferenz Heizungsanlagen
(2007) and recommended emission values in Sweden, for small-scale combustion appliances
up to a nominal heat power output of 500 kW, according to Van Loo and Koppejan (2002)

Region Fuel CO NOx OGC TSP

Austria
Wood 500* 150* 30* 50*

Nonwood 500* 300* 30* 60*

Sweden Wood 500** – – 350**

 *Value in mg/MJ
**Value in mg/Nm3 at 11% O2



and straw. Furthermore, the fuels that may cause technical and environmental
problems were identified. Combustion tests were carried out with the different
fuels, and the gaseous and particulate emissions were surveyed. Different boiler
technologies with thermal outputs in the range of 10 to 350 kWth were tested, and
their combustion performance for handling nonwoody biomass fuels was analyzed.

EXPERIMENTAL

Combustion Systems and Fuels

The combustion tests were carried out in biomass boilers available on the market.
The boilers had originally been developed and optimized for woody biomass
fuels. Table 2 gives an overview of the boiler characteristics relevant for this
paper. A more detailed description of boilers S1 and S2 can be found in Lund-
gren et al. (2004a,b).

Straw, Miscanthus, and maize (whole crop), harvested in different years,
were pelletized (with diameter of 6àmm) and burned in the different pellet boilers
(see Table 3).

The horse manure fuels are inhomogeneous and used exactly as delivered
from the horse boxes, i.e., no drying or refining. The share of bedding material
(straw or wood shavings) typically constitutes 40–80%wt, depending on how care-
ful the horse boxes are cleaned.
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TABLE 2  Relevant characteristics of the pellet boilers used in the combustion tests

Boiler
Nominal heat
output [kW]

Fuel supply Control principle Ash discharge

Boiler A1 15 Under feed Flue gas temperature
Continuously ash dropping

over the grate edge*

Boiler A2 25 Under feed Lambda
Continuously ash dropping

over the grate edge*

Boiler A3 10 Top feed Open loop control
Continuously though

the grate

Boiler A4 15 Horizontal feed Lambda
Moving grate (horizontal
movements in predefined

intervals)*

Boiler S1 350 Horizontal feed Lambda
Ash continuously dropping

over the grate edge*

Boiler S2 150 Horizontal feed Lambda
Ash continuously dropping

over the grate edge*

*The ash was then carried automatically via a screw conveyor to the ash box.



Combustion Tests

The combustion tests were performed partly in Austria and partly in Sweden. The
combustion tests preformed in Austria were carried out at the Austrian Bioenergy
Centre (ABC) laboratory in Wieselburg and at test stands of project partners. The
tests were carried out at full load over a period of 4–24 h. The gaseous emissions
as well as other relevant parameters, e.g., temperatures in the combustion cham-
ber, flue gas temperature, and total mass of the system, were measured continu-
ously. NDIR (nondispersive infrared) instruments were used for NO, CO, and
CO2. For O2 and NO2 measurements, a paramagnetic cell instrument and an ul-
traviolet cell were used. With the exception of boiler A4, all pellet boilers were
operated with the settings used for burning standard wood fuels. In boiler A4,
which is equipped with a moving grate, the grate cleaning intervals were short-
ened to more effectively remove the ash from the primary combustion area. A
second set of experiments with boiler A2 were made after substituting the burner
plate with a smaller one. Total dust emissions were measured for the combustion
tests performed in boilers A3 and A4.

In Sweden, experiments with horse manure mixed with different bedding
materials as fuels were carried out partly in a test laboratory in Boden (boiler S1)
and partly in a demonstration plant in Timrå (boiler S2). The former has a thermal
output in the range of 150 to 350 kW while boiler S2 operates in the range of 50
to 150 kW. NDIR instruments were used for NOx, CO, and CO2. For O2  meas-
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TABLE 3  Fuels used in the combustion tests

Fuel Boiler A1 Boiler A2 Boiler A3 Boiler A4 Boiler S1 Boiler S2

Wood pellets x x x x

Straw pellets (harvested
in 2004)

x x x

Miscanthus pellets (harvested
in 2004)

x x

Maize pellets, whole crop
(harvested in 2004)

x x x

Straw pellets (harvested
in 205)

x x

Miscanthus pellets (harvested
in 2005)

x x x

Maize pellets, whole crop
(harvested in 2005)

x x x

Horse manure with wood
shavings

x x

Horse manure with straw x



urements, a paramagnetic cell instrument was used. Measurements of dust emis-
sions were carried out in boiler S2 during five different combustion experiments.

RESULTS AND DISCUSSION

Fuel Characteristics

Table 4 shows the lower heating values (LHVs), ash softening temperatures, and
the composition of the main and trace elements in the fuels tested. Even though
the straw, Miscanthus, and maize whole-crop raw materials show some variations
between the two years, for simplicity, only the fuel properties of the materials
harvested in 2005 are shown.

Based on the composition of the different fuels, high NOx emissions are ex-
pected during straw, maize, and horse manure combustion, since they have more
than three times higher nitrogen content than wood fuels. The two horse manure
mixtures and the straw pellets have a concentration of Cl that might cause prob-
lems with corrosion and HCl emissions. All the agricultural fuels show lower sof-
tening temperatures (horse manure fuels not analyzed), higher ash contents, and
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TABLE 4  Fuel properties of the biomass fuels tested

Fuels
Wood
pellets

Straw
pellets

Miscanthus 
pellets

Maize
pellets

Horse
manure

and wood

Horse
manure

and straw

LHV [mg/MJ]dry fuel 18.8 17.3 17.8 17.5 18.1 16.3

Softening temperature
[oC]

>1100 800 1010 910 – –

Moisture content [%] 9.4 7.9 8.7 11.7 57 59

Fuel Composition [%]dry fuel

Ash 0.2 5.7 3.3 3.4 7.3 14.7

C 50.7 47.3 47.3 45.9 48.6 43.6

H 5.9 5.8 6.0 6.3 5.8 5.6

N 0.2 0.7 0.2 0.9 0.9 1.8

S <0.02 0.1 <0.1 <0.1 0.14 0.26

Cl <0.1 0.2 <0.1 0.1 0.26 0.46

Fuel composition, trace elements [mg/kg]dry fuel

Si 10 10 600 9 800 3 600 10 500 27 100

K 450 14 000 1 000 7 800 5 200 13 700

Na <10 90 25 30 600 800

Ca 800 2 500 1 600 900 8 300 9 400

Mg 150 800 1 000 1 100 4 200 2 800



higher concentrations of Si and K than wood. Consequently, problems with ash
sintering could be expected, especially for straw pellets and horse manure and to
a smaller extent for Miscanthus and maize.

Ash and Slag

As expected, ash-related problems were observed in almost all the experiments
carried out with agricultural biomass fuels. Miscanthus and maize proved to be
the least problematic, followed by horse manure and straw. A higher degree of
sintering could be seen in the ash samples from the manure mixed with straw
than when wood shavings were used as fuel.

In boilers A1 and A2, big ash lumps were accumulated in the plate area,
and the fire was extinguished after a few hours of operation, especially during
combustion of straw. At the end of the combustion tests with boiler A3, big and
compact ash lumps, with the shape of the burner plate, were formed when straw
and Miscanthus were burned. Almost no ash was found in the burner plate at the
end of the experiment with maize pellets. Furthermore, almost no slag was found
on the grate at the end of the combustion experiments in boiler A4. After the ex-
periments in boilers S1 and S2 using horse manure mixed with wood shavings as
fuel, sintered material could be found among the ash. During the experiments with
horse manure mixed with straw, large sinter cakes or slag were found on the
grate after shutdown.

Operational Performance

The effect of the ash accumulation and slag formation on the operation of the
boilers differed depending on the combustion technologies. Some boilers shut
down by quenching of the fire after a few hours of operation, while others were
able to remove ash and slag from the combustion zone and thus could be oper-
ated for a longer period of time.

With the exception of boiler A3, the emissions and the other parameters
were measured during a minimum of two to three hours of steady-state combus-
tion in all the boilers tested in Austria. In boiler A3, very short periods of steady-
state combustion, in general less than one hour, were achieved. The use of a
smaller plate in boiler A2 increased the space between the walls and the burner
plate for the ash to fall down into the screw conveyor. This resulted in consider-
able improvement in the ash-removal capacity of the boiler for all fuels and in
particular for maize pellets. Additional changes in the boiler design, e.g., using an
even smaller plate with downward-bending edges or installing a mechanical clean-
ing system, might be required to strengthen the ash-removal ability of the boiler.
Boiler A4 was the Austrian boiler with the best performance in removing the ash
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from the combustion area. The moving grate, whose settings could be adapted for
different fuel properties, proved to be a good tool for handling fuels with high
ash content. Despite the slag tendency of the horse manure fuels (in particular the
straw mixture), the ash could slide down toward the screw conveyor without op-
erational problems and both of the Swedish plants could be operated continuously.
Table 5 shows the operational performance associated with the boilers’ capacity to
handle high ash-content fuels.

All the boilers were equipped with automatic fuel feeding, by means of a
worm screw. In none of the combustion systems tested in Austria were problems
related to the feeding observed. The testes carried out in Sweden were done with
fuel fluctuations. In the straw case, the fluctuations were caused by long straws
that were rolled up on the feeding screw center forming a plug, and for the
wood-shaving case, caves and vaults were formed above the fuel-feeding screws
inside the fuel storage.

Emissions

The CO, NOx, and total dust emissions from the combustion tests are shown in
the figures. In order to evaluate and compare the different fuels and boiler tech-
nologies, the emission values are juxtaposed with the future limit values in Aus-
tria for standardized biomass fuels. For means of comparison and when available,
emission values from the combustion of standard wood pellets, in the boilers
tested in Austria, and standard wood chips, in boiler S1, are shown.

The CO emissions were in most cases low and below 500 mg/MJ as shown
in Figure 1. Comparing the fuels, straw pellets showed the highest CO emissions
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TABLE 5  Operational performance of the tested boilers

Fuels Boiler A1 Boiler A2 Boiler A3 Boiler A4 Boiler S1 Boiler S2

Straw × ×(~)* × ~ – –

Miscanthus � ×(×)* × ~ – –

Maize whole crop � ×(�)* ~ � – –

Manure and wood
shavings

– – – – � �

Manure and straw – – – – ~ –

� worked well
~ Worked with some problems
× Did not work
– Fuel not tested

• Symbol inside the parenthesis corresponds to the performance of boiler A2 after the change.



in all the boilers, followed by horse manure mixed with straw, horse manure
mixed with wood shavings, maize whole crop, and Miscanthus. The high CO
emissions during combustion of straw pellets are mostly due to disturbances of
the burning process caused by, e.g., ash melting or ash lumping. Relatively high
CO emissions were also noticed during combustion of the horse manure mixtures
(wood shavings as well as straw). This was in both casesàdue toàthe uneven fuel
feeding rate causing an unstable combustion process.

When comparing the different boiler technologies tested, it can be seen that
the CO emissions are lower in boilers A2, A4, and S1 than in boilers A1 and A3.
This difference can partially be explained by the different controlling technologies
used. The difference can be easily seen in Figure 1. Lambda controlled boilers
can operate at a constant excess air ratio independent of the fuel and therefore
show a better capacity of adaptation for different fuel qualities than temperature-
or open-loop-controlled boilers. The high CO emissions measured in boiler A3 are
also connected to its design, which leads to too-low combustion temperatures and
low mixing in the secondary combustion zone. Boilers A2 and A4, as well as
boilers S1 and S2, can achieve a good combustion process when operated with
agricultural fuels. The other boilers require a more flexible regulation concept
when operated with agricultural fuels in order to reduce the CO emissions.
Figure 2 shows the NOx emissions in the different boilers. The emission threshold
for wood, 150 mg/MJ, is exceeded by almost all the fuels. Therefore, it is impor-
tant to make special NOx emission limits for nonwood fuels. Moreover, only Mis-
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canthus and straw can fulfill the future limit for nonwood standardized fuels of
300 mg/MJ in Austria Laenderexpertenkonferenz Heizungsanlagen, 2007.

Figure 3 shows the NOx emissions in the different boilers, as well as values
from the combustion of wood pellets in boiler A1 as a function of the nitrogen
content in the fuels. In all the combustion systems, as expected, an increase of the
NOx emissions can be seen with the increase of nitrogen content. It can also be
noticed that fuels with the same nitrogen content show different NOx emissions
when burned in different boilers. This means that, apart from the fuel charac-
teristics, the boiler technology also has an important influence on the NOx emis-
sions. Boiler A3 showed the lowest NOx emission values for all the fuels tested.
Despite the high excess air ratio in boiler A3, (varying between 2.5 and 3.5), the
mixing of the volatiles with air is poor. Therefore, the primary nitrogen-containing
components do not get oxidized but react further with, e.g., hydrocarbon radicals
and CO, leading to low NOx emissions. The highest NOx emissions were shown
by boiler A1. The NOx emission curves in Figure 3 for boilers A2 and A4 follow
each other closely.

Differences in the combustion chamber design, which influence the residence
time and mixing of air and volatiles, as well as the position and proportion of pri-
mary and secondary air supply and fuel bed height (Padinger, 1999), are possible
reasons for the differences in NOx emissions observed between the boiler tech-
nologies. Furthermore, the NOx emissions are also affected by the excess air ratio
used, i.e., NOx emissions increase with increasing lambda values (Padinger, 1999;
Eskilsson, 2004). Therefore, a further reduction of NOx emissions is possible by a

SMALL-SCALE COMBUSTION OF AGRICULTURAL BIOMASS FUELS 137

0

150

300

450

600

wood Straw pellets Miscanthus
pellets

Maize pellets Manure + wood Manure + straw

N
O

x 
Em

is
si

on
s 

in
 m

g/
M

J

Boiler A1 Boiler A3 Boiler S1

Boiler A2 Boiler A4 Boiler S2

Threshold value for standardized 
wood fuels, according to the 

Austrian directive

Threshold value for non-wood 
standardized fuels, according 

to the Austrian directive

FIGURE 2  NOx emissions from the combustion of wood and agricultural fuels; threshold value for
standardized fuels in Austria according to Laenderexpertenkonferenz Heizungsanlagen (2007).



0

100

200

300

400

500

600

700

0 0,2 0,4 0,6 0,8 1 1,2
N content in the fuel in v%

N
O

x 
Em

is
si

on
s 

in
 m

g/
M

J

Boiler A1 Boiler A1 (wood)
Boiler A2 Boiler S1
Boiler A3 Boiler S2
Boiler A4

Threshold value  for standardized 
wood fuels, according to the 

Austrian directive

Threshold value for 
non-wood 

standardized fuels, 
according to the 

Austrian directive 

FIGURE 3  NOx emissions from the combustion of wood and agricultural fuels as a function of the
nitrogen content in the fuel; threshold value for standardized fuels in Austria according to Laender-
expertenkonferenz Heizungsanlagen (2007).

0

100

200

300

400

500

600

wood Straw pellets Miscanthus
pellets

Maize pellets Manure+wood

D
us

t e
m

is
si

on
s 

in
 m

g/
M

J

Boiler A3 Boiler S2

Boiler A4

Threshold value for non-wood 
standardized fuels, according 

to the Austrian directive

FIGURE 4  Total dust emissions from the combustion of wood and agricultural fuels in boilers A3,
A4, and S2. Threshold value for nonwood standardized fuels in Austria according to Laenderexper-
tenkonferenz Heizungsanlagen (2007).

138 L. CARVALHO et al.



combination of improvements of the boiler technology and control strategies that
enable a complete combustion of the fuel at low air ratios.

Figure 4 shows the results from the total dust measurements made in boilers
A3, A4, and S2. The dust emissions from boilers A3 and S2 are clearly much
higher than from boiler A4. In boiler A3, the operational period with most of the
fuels was short (30 min to 1 h) due to problems with slag. Therefore, the dust
emissions measured may be higher than that of steady-state full-load operation.
Extremely high dust emissions where registered for boiler S2, mainly due to badly
optimized control parameters, e.g., primary air supply, and it is doubtful whether
these emission values are representative. Further measurements at better operating
conditions are certainly required to be able to draw any conclusions. Dust emis-
sions from boiler A4, especially when burning Miscanthus, were below the thresh-
old value and comparable to emissions resulting from wood combustion. In
general, the emission limit was exceeded when straw and maize were burned. In
boilers A3 and S2, since they show relatively high CO emissions, a decrease in
the dust emissions could be accomplished by ensuring a complete combustion.

CONCLUSIONS

All the boilers tested required further improvements, in terms of boiler design,
combustion technology, and/or controlling strategies in order to reach the same
level of combustion performance with agricultural fuels as they presently show
with wood. The main problems observed were related to ash accumulation on the
combustion area and high emissions.

Influence of the Type of Fuel

The emissions from Miscanthus combustion were in general below the threshold
value for non-woody fuels in Austria (Laenderexpertenkonferenz Heizungsanlagen,
2007) and in most cases were very close to the values observed for wood when
burned in existing pellet boilers. However, a trouble-free operation with Miscan-
thus can only be accomplished in boilers that can handle ash-rich fuels. NOx

emissions in small-scale combustion systems are generally a result of the fuel-
bound nitrogen in the biomass. Further optimizations of the combustion technolo-
gies are probably not enough to reduce NOx emissions to the existing threshold
value for wood combustion in Austria, especially for nitrogen-rich fuels like
Maize. Therefore, new emission limits for the combustion of nonwood fuels are
needed. Maize and horse manure mixed with bedding material, due to their high
nitrogen content, are problematic fuels concerning NOx emissions, which were
close to or exceeding the threshold value of 300 mg/MJ. Most of the fuels tested
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showed problems with ash accumulation and slag formation. The Si and K con-
tents were shown to be important indicators of ash sintering degree during com-
bustion. Straw pellets and horse manure mixed with straw are difficult fuels to
burn in boilers optimized for wood due to their high ash content and low ash
melting points. In all experiments, ash caking and slag formation was observed in
the primary combustion zone, which sometimes also disturbed the burn out of the
fuel and led to increased emissions of CO.

Influence of the Boiler Technology

 The results from the combustion tests have shown that all the boilers require im-
provements in order to reach the same level of combustion performance with ag-
ricultural fuels as they presently show with wood. The fuels tested can be burned
in existing pellet boilers with CO emissions below the threshold value. However,
the type of controlling technology has shown to be an important aspect to achieve
even lower emissions. Lambda controlled boilers showed the lowest CO emis-
sions. Steady-state combustion processes with different types of fuels can only be
assured by using a control technology that can adapt the burning conditions to the
different fuel properties. Furthermore, by minimizing the CO emissions and other
products of incomplete combustion, the dust emissions can be further reduced.
Another important aspect affecting the emissions is the excess air ratio. On the
one hand, an increase of the excess air ratio can to a certain extent decrease the
CO emissions considerably and can help to avoid ash accumulation and slag for-
mation by lowering the glow bed temperature. On the other, an increase of excess
air ratio can also lead to increased NOx emissions and reduced system efficiency.
Therefore, the best approach is to improve the combustion chamber design and air
inlets in order to provide sufficient mixing, temperature, and residence times at
minimum air ratios. The improvement of the controlling technology also plays a
crucial rule in order to regulate the excess air ratio, i.e., to minimize the lambda
value without compromising a complete combustion process. Staged combustion,
or other primary NOx reduction measures, should be further investigated and im-
plemented in small-scale combustion systems.

Despite the high degree of sintering shown by some of the fuels tested, the
boilers with, e.g., a moving grate, could effectively remove the ash from the pri-
mary combustion zone. The future use of agricultural biomass fuels will require
further development of the existing boiler technologies associated with the com-
bustion chamber design and ash removal system in order to minimize the emis-
sions and to effectively remove the ash from the primary combustion zone.
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h i g h l i g h t s

" Performance evaluation of a pellet boiler operated with different agricultural fuels.
" Agricultural fuels could be burn in the tested boiler for a certain period of time.
" All the fuels (except straw and Sorghum) satisfied the European legal requirements.
" Boilers for burning agricultural fuels should have a flexible control system.
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a b s t r a c t

The increasing demand for woody biomass increases the price of this limited resource, motivating the
growing interest in using woody materials of lower quality as well as non-woody biomass fuels for heat
production in Europe. The challenges in using non-woody biomass as fuels are related to the variability of
the chemical composition and in certain fuel properties that may induce problems during combustion.
The objective of this work has been to evaluate the technical and environmental performance of a
15 kW pellet boiler when operated with different pelletized biomass fuels, namely straw (Triticum aes-
tivum), Miscanthus (Miscanthus � giganteus), maize (Zea mays), wheat bran, vineyard pruning (from Vitis
vinifera), hay, Sorghum (Sorghum bicolor) and wood (from Picea abies) with 5% rye flour. The gaseous and
dust emissions as well as the boiler efficiency were investigated and compared with the legal require-
ments defined in the FprEN 303-5 (final draft of the European standard 303-5). It was found that the boi-
ler control should be improved to better adapt the combustion conditions to the different properties of
the agricultural fuels. Additionally, there is a need for a frequent cleaning of the heat exchangers in boil-
ers operated with agricultural fuels to avoid efficiency drops after short term operation. All the agricul-
tural fuels satisfied the legal requirements defined in the FprEN 303-5, with the exception of dust
emissions during combustion of straw and Sorghum. Miscanthus and vineyard pruning were the best
fuels tested showing comparable emission values to wood combustion.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

During the last 30 years, small-scale wood combustion systems
have been well developed and reached a high quality and perfor-
mance level in Europe. The energy efficiency has increased, the
emissions have decreased, fully automatic operation systems have
been developed and the combustion technology has been opti-
mised for woody biomass fuels [1,2]. Automatically stoked systems
are normally based on staged combustion, i.e. two main combus-
tion zones are created in order to maximise the burnout rates.

The primary combustion zone is located on a grate or burner plate
where drying, devolatilization and char combustion takes place.
The secondary combustion zone is located above the grate in the
combustion chamber where the combustible gases are oxidised
[2,3]. Furthermore, each combustion zone has its own air supply;
primary and secondary air are supplied in the fuel bed and in the
combustion chamber [4]. In this way, automatic pellet boilers
can show efficiencies higher than 90% (based on the lower heating
value) with CO emissions below 50 mg Nm�3 at 13 vol.% O2 [3]
(which corresponds to approximately 46 mgMJ�1) under steady
state combustion conditions.

Presently, the market for fossil fuels is unstable and their prices
are constantly rising. Furthermore, Europe has the target of reach-
ing its share of renewable energies to 20% by 2020 [5] and biomass
can play an important role. However, the increasing competition
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for woody biomass in the heating sector, sawmills and pulp and
paper industries are increasing the price of wood [6]. As a result,
the interest for alternative biomass fuels is growing rapidly, cover-
ing woody materials of low quality, energy crops and agricultural
and forest residues [7–12]. There are several benefits from expand-
ing the spectrum of biomass raw materials used in small-scale
combustion systems [13]. Besides increasing the use of renewable
energies, energy crops can provide a supplemental income for
farmers and at the same time show the potential of restoring de-
graded lands, preventing soil erosion. The value of the agricultural
and forest residues can be increased by using them as fuels and
more job opportunities for power and agricultural equipment
industries can be created. However, burning non-woody biomass
fuels in small-scale heating systems is a challenging option
[11,14,15]. Compared to wood, non-woody biomass assortments
have higher ash contents and a higher content of critical inorganic
elements. Ash related problems are therefore expected, which af-
fect the dust emissions [16] and cause problems during combus-
tion due to e.g. slagging [10,17]. Slag on the grate of small-scale
pellet boilers may disturb the combustion process (e.g. higher CO
emissions [11]) and lead to unwanted shutdowns of the boiler
[18]. High concentrations of nitrogen (N), sulphur (S) and chlorine
(Cl) in agricultural fuels increase the emissions of nitrogen oxides
(NOx), sulphur dioxide (SO2) and hydrogen chloride (HCl), respec-
tively [4,16]; they may also cause the formation of dioxins and fur-
ans under certain combustion conditions, e.g. intermittent
combustion [19,20]. Nitrogen oxides can be formed during com-
bustion by three mechanisms referred to as thermal, prompt and
fuel-bound NOx. The thermal and prompt NOx formation paths be-
come active at temperatures above 1300 �C [21] which are nor-
mally not reached in small-scale combustion systems.
Consequently, nitrogen oxides are assumed to be formed mainly
from fuel nitrogen during biomass combustion and therefore can-
not be completely avoided [21,22]. Minimisation of NOx emissions
by optimising the combustion conditions is however possible by
air or fuel staging [4,16]. The release of SO2 and to a lesser extent
SO3, result from the oxidation of the fuel sulphur [11,16]. These
emissions are usually not significant for wood combustion due to
the low sulphur contents of the fuel. However, at sulphur concen-
trations higher than 0.2 wt.% dry basis, SO2 emissions start to be
relevant due to its important role in corrosion [16]. Both NOx and
SO2 have significant health effects (e.g. respiratory problems)
[23] and are harmful gases to the environment contributing to acid
rain. Incomplete combustion can lead to emissions of carbon mon-
oxide (CO), OGC (organic gaseous carbon), PAH (polyaromatic
hydrocarbons), soot and tar. CO is generally considered an indica-
tor of the combustion quality for the reason that it is oxidised to
CO2 in the presence of oxygen and at a rate which depends on
the combustion temperature, residence time and mixing rate be-
tween the combustible gaseous species from the fuel and air
[3,4,16]. Biomass combustion also leads to relatively high dust
emissions. Wood burning is one of the major contributors of pri-
mary particle to the atmosphere during winter times over large
parts of Europe [24–28]. Small-scale combustion systems in partic-
ular play an important role [26–28]. The dust emissions can consist
of both carbonaceous particles and vaporised inorganic matter
mainly alkaline metals, sulphur and chlorine. Under poor combus-
tion operation practices such as unsatisfactory air supply occurring
for instance in old residential heating appliances [29,30], the dust
emissions are high and dominated by particles of incomplete com-
bustion. Typical dust emissions from modern pellet boilers oper-
ated at 100% load can vary from 10 to 30 mg MJ�1, while the
emissions from old residential heating appliances are between 65
and 150 mgMJ�1 or even higher [29,30]. The inorganic part always
remains as background constituents. Efficient combustion of wood
results in mainly inorganic fine particles [30,31] typically

dominated by alkaline metals, such as potassium sulphates, chlo-
rides and carbonates [32,33]. An increase in dust emissions is
therefore expected when agricultural fuels are burned due to their
high content of alkaline metals. The release of alkali metals is in
turn influenced by other fuel elements present in agricultural fuels,
most importantly chlorine, silicon and sulfur. While chlorine con-
tent enhances the release of alkali metals due to the formation of
volatile alkali metal chlorides, silicates can react with potassium
preventing its vaporisation [34,35]. Furthermore, sulphur in the
fuel may inhibit the effect of chlorine through a sulfation reaction,
in which the alkali metal chloride is converted to less volatile alkali
metal sulphate [36].

The emissions and ash related problems during combustion of
agricultural residues in medium and large scale combustion plants
have been thoroughly investigated, e.g. [37–39]. However, there is
still insufficient information available regarding their suitability in
small-scale systems and whether they can be burned in accordance
to the existing threshold values. Combustion of woody biomass
causes emissions of gases and particulate matter which can seri-
ously affect human health [23,40]. The introduction of new bio-
mass fuels that potentially may cause higher emissions into the
residential heating sector should be first thoroughly evaluated
based on results from combustion tests. Furthermore, it is impor-
tant to investigate the capability of the existing small-scale tech-
nologies in burning non-woody biomass fuels. Combustion tests
provide important information to boiler manufactures by showing
the limitations of the existing boiler technology and by identifying
important parameters and improvements required to adapt them
for a broader spectrum of biomass fuels.

The objectives of the present study are (i) to evaluate the tech-
nical and environmental performance of a 15 kW wood pellet boi-
ler when burning different agricultural biomass fuels and (ii) to
investigate the feasibility of different agricultural fuels for residen-
tial heat production. The feasibility study was done by comparing
the gaseous and particle emissions as well as the boiler efficiency
with the legal requirements defined in the FprEN 303-5 (final draft
of the European Standard 303-5, Heating boilers – Part 5: Heating
boilers for solid fuels, manually and automatically stoked, nominal
heat output of up to 500 kW – terminology, requirements, testing
and marking) [41].

2. Material and methods

2.1. Fuel properties

The combustion tests were done with pelletized fuels from
wood (Picea abies) with 5% rye flour and seven agricultural raw
materials: straw from wheat (Triticum aestivum), Miscanthus
(Miscanthus � giganteus), maize (Zea mays), vineyard pruning (from
Vitis vinifera), wheat bran, hay and Sorghum (Sorghum bicolor).
Straw was harvested in the Spring of 2006. Miscanthus was har-
vested between January and March of 2006. Maize was harvested
in the Spring of 2006 and all the plant (stem and cob with maize
grains) was pelletized. Wheat bran is the hard outer layer of a
wheat grain. It is normally a by-product of milling in the produc-
tion of refined wheat flour. Hay is a mixture of grasses, legumes
and/or other herbaceous plants. Its composition depends greatly
on the region where it grows. Detailed information about the Sor-
ghum pellets tested is given elsewhere [42]. No information
regarding the place of growth and the time of harvesting is avail-
able for the pellets from vineyard pruning, wheat bran and hay.

Chemical and thermal properties of each of the experimental
pellets were analysed according to the relevant standard methods
and the properties are presented in Table 1. The ash and moisture
contents of the pellets were analysed according to CEN/TS 14775,
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at 550 �C and DIN 51718, respectively. The lower heating value
(LHV) was calculated from the HHV based on the moisture content
of each fuel. The higher heating value (HHV) was determined using
an adiabatic bomb calorimeter according to ÖNORM CEN/TS
14918. The content of the major elements, carbon (C) and nitrogen
(N) were determined according to prCEN/TS 15104. The total sul-
phur (S) was determined using the CEN/TS 15289 method. The
oxygen (O) content was calculated by difference according to Eq.
(1).

O½wt%� ¼ 100� ðAshþ C þ H þ N þ SÞ ð1Þ

The ash forming elements (cations) were determined by microwave
digestion. The Cl content was determined by analyzing a solution of
the combustion gases dissolved in deionized water via IC.

2.2. Combustion equipment

The combustion tests were performed in a commercially avail-
able pellet boiler illustrated in Fig. 1. The boiler had a nominal
thermal capacity of 15 kW and was equipped with a lambda sensor
(LSM 11). Primary combustion air was supplied from below the
grate and secondary air from above the fuel bed. The boiler had a
horizontal feed burner with fuel pellets supply via a horizontal
feed screw. The ash removal was done by the conveying fuel and
by a horizontal movement of the grate. On the opposite side of
the fuel feeding there was an opening where the ash residues fell
down into the ash box, placed below the grate. In the opening there
was an agitator that rotated perpendicularly to the fuel and ash
transport and destroyed possible ash lumps and slag. The agitator
was not included in the commercial version. Several combustion

Table 1
Properties of the investigated pellets.

Wood with 5% rye flour Straw Miscanthus Maize Vineyard pruning Hay Wheat bran Sorghum

Diameter (mm) 6 6 6 6 6 6 8 6
LHVa (MJ kg�1) dry basis 18.90 15.78 16.09 15.74 16.50 15.46 15.18 15.95
Moisture (wt.%) 10.2 7.9 8.7 8.7 8.4 7.5 13.7 7.9
Ash (wt.%)db 0.21 5.71 3.26 3.39 2.70 7.40 5.70 7.90

Proximate analysis (wt.%) dry basis
Carbon (C) 47.1 47.30 47.30 45.9 45.71 45.94 46.40 46.90
Hydrogen (H) 6.17 5.80 6.00 6.30 6.30 5.72 6.08 5.81
Nitrogen (N) 0.19 0.66 0.24 0.89 0.39 1.07 3.04 1.08
Sulphur (S) 0.10 0.10 0.03 0.09 0 0.13 0.24 0.11
Oxygen (O) 46.3 40.43 43.17 43.43 44.90 38.54 38.54 38.20

Inorganic species of the fuels (mg kg-1 fuel) dry basis (relevant for the present study)
Alkali metals (K + Na) n.d. 14130 1012 7867 n.d. 11400 274649 n.d.
Alkali earth metals (Ca + Mg) n.d. 3342 2613 2003 n.d. 8806 80649 n.d.
Chlorine (Cl) n.d. 1720 214 1024 n.d. 1090 16140 n.d.
Silicon (Si) n.d. 10620 9829 3613 n.d. 12600 15614 n.d.
Phosphorous (P) n.d. 716 318 1999 n.d. 2460 174561 n.d.
Zink (Zn) n.d. 5 13 17 n.d. 26 1316 n.d.

a LHV – low heating value; n.d. – not determined.

Fig. 1. Schematic layout of the pellet boiler (commercial version).
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parameters could be set in the boiler control. The relevant and
modified parameters for the combustion tests were: air ratio, fuel
load and grate movement. The grate movement parameters con-
trolled the frequency and the period of the movements.

2.3. Experimental test setup

The combustion tests were performed at the laboratory of Bio-
energy 2020+, Lower Austria (48.117�N 15.136�E, 270 m above
mean sea level). The combustion tests with each type of pellets
were planned to last a minimum of 8–12 h in steady-state condi-
tions. A schematic of the experimental setup is presented in Fig. 2.

The temperatures in the combustion chamber and of the flue
gas (Tfg) were continuously monitored using K-type thermocou-
ples. The feed and hot water temperatures (TFW and THW) were
maintained at 55 �C (±2 �C) and 75 �C (±2 �C) respectively and were
monitored using Pt-100 thermocouples. The chimney draft (P) was
continuously measured using a pressure transmitter PTL2-K. The
data was acquired every second during the steady-state operation
of the boiler and average values were calculated for periods of 1 h.

The settings used for the moving grate, air ratio and fuel load
are presented in Table 2.

Different settings for the grate movement parameters were
used in the combustion tests with wood and agricultural fuels, ow-
ing to their large differences in ash contents. The difference in fuel

load during wheat bran and Shorgum combustion is explained in
Section 3.1.1.

2.3.1. Measurement of gaseous and particulate emissions
A constant flow of flue gas (0.8 L s�1) was extracted and trans-

ported to the gas analyser (NGA 2000) through heated sampling
probes and lines. The concentrations of CO2, O2, NO2, NO, SO2

and CO in the flue gas were continuously monitored. The measure-
ment principles of the gas analyser were paramagnetic for O2, non-
dispersive infra-red for CO, NO, and CO2, and ultraviolet cell for SO2

and NO2 determinations. The gaseous emissions were acquired
every second. The particulate matter was sampled isokinetically
using a gravimetric method as described in VDI 2066/sheet 2 (Mea-
surement of particulate matter in flowing gases). The total coarse
and the major fine dust fraction in the flue gas were collected in
a cartridge filter of quartz wool. The particulate matter was sam-
pled at least three times in each experiment. The emission values
were converted to mg MJ�1 of fuel heat input.

2.3.2. Measurements of the fuel mass flow
The boiler was placed on a scale (Mettler Toledo PTA with an

accuracy of 0.04–0.3 kg) in order to determine the amount of fuel
used during each combustion test (see Fig. 2). The mass flow of fuel
on the grate was calculated for each experiment by dividing the to-
tal amount of burned fuel by the total time of the combustion test.
The mass flow of ash on the grate was calculated based on the ash
content of each fuel and by subtracting the amount of ash lost in
the form of dust emissions.

2.3.3. Slag tendency measurements
The slag tendency of a biomass fuel was analysed through siev-

ing, as described in [43]. The ash from the ash box was sieved at the
end of each combustion test. The ash particles retained in the sieve
of 5.6 mm mesh size were considered slag. The percentage of slag
in the ash was calculated for each test.

Fig. 2. Schematic layout of the experimental setup.

Table 2
Settings used during the combustion tests.

Fuels Moving grate Air
ratio
(–)

Fuel
load
(%)

Frequency of the
movement (h�1)

Movement
duration
(s)

Wood with 5% rye flour 0.5 0.1 2 100
Straw, Miscanthus, maize,

vineyard pruning and
hay

36 1.5 2 100

Wheat bran 36 1.5 2 50
Sorghum 36 1.5 2 75
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2.4. CO and NOx versus lambda

The lambda probe allowed the boiler to operate at a relatively
constant lambda value. However, small lambda variations
(2.0 ± 0.3) were observed during the combustion tests. These vari-
ations were most probably due to the type of lambda probe used
by the boiler (see Section 2.2) which has a high resolution signal
for lambdas around one. Continuous measurements of CO and
NOx acquired during combustion could therefore be compared to
the variations in the lambda value.

2.5. Efficiency

The boiler efficiency was calculated using an indirect method by
measuring the losses occurring in the boiler as follows.

gIndirectMethod½%� ¼ 100� ðqA þ qU þ qF þ qsÞ ð2Þ
In Eq. (2), qA (%) is the thermal loss in the flue gas, qU (%) is the loss
due to unburned fuel carbon in the flue gas, qF (%) is the loss due to
unburned carbon in the solid residue (ash) and qS (%) is the radia-
tion heat loss from the boiler surface. qA and qU were calculated
using Eqs. (3) and (4) respectively.

qA ¼ ðVfg;dcpfg þ VwcpwaterÞðTfg � TairÞ 1
LHV

ð3Þ

qU ¼ 10�6COgenVfg;d
12640
LHV

ð4Þ

Here, Vfg,d (m3 kg�1) is the volume of dry flue gas generated during
combustion per kg of fuel, Vw (m3 kg�1) is the volume of moisture in
the flue gas, Tfg (�C) and Tair (�C) are the temperatures of the flue gas
and ambient air respectively, cpfg (kJ (kg K)�1) and cpwater

(kJ (kg K)�1) are the specific heat capacities of the flue gas and water
respectively and COgen (ml m�3) is the CO content in the flue gas.

The loss due to unburned carbon in the ash (qF) was determined
for wood pellets and other agricultural fuels, e.g. Sorghum and
were below 0.02%. The influence of this loss on the efficiency
was considered irrelevant and therefore qF was assumed zero in
the efficiency calculations (Eq. (2)).

The radiation heat loss from the boiler surface (qS) was assumed
to be 1% of the total heat output, as stated in the boiler user’s
manual.

Table 3
Mass flow of fuel, energy load and mass flow of ash determined for each combustion test.

Fuel Vineyard pruning Hay Straw Miscanthus Maize Sorghuma Wheat branb Wood with 5% rye flour

Fuel mass flow (kg h�1) 4.45 4.25 4.21 4.06 3.62 3.11 2.52 4.06
Energy load (kW) 20.39 18.27 18.44 18.14 15.83 13.76 10.61 21.32
Mass flow of ash (kg h�1) 0.119 0.311 0.232 0.132 0.119 0.240 0.140 0.007

a Operated at 75% nominal load.
b Operated at 50% nominal load.

Fig. 3. CO emissions as a function of the excess air ratio.
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3. Results and discussions

The results of the combustion tests are presented and discussed
with regard to boiler technology aspects, emissions and efficiency.

3.1. Boiler technology aspects

Three important aspects of the boiler technology, (1) fuel feed-
ing, (2) air ratio and (3) ash management, are presented and
discussed.

3.1.1. Fuel feeding
The combustion tests were performed at full load, i.e. at 100%

fuel feeding, with the exception of the tests with wheat bran and
Sorghum pellets, performed at 50% and 75% load respectively, as
shown in Table 2. The reason for the reduced loads was that both
wheat bran and Sorghum burned out more slowly than the other
biomass fuels. As a result, a stable fire bed could not be formed be-
tween two consecutive movements of the grate and unforeseen
shut downs of the boiler were continuously occurring. The fuel
load of wheat bran and Sorghum were therefore reduced until a
continuous operation for the stipulated amount of time was
possible.

Considering only the fuels operated at 100% nominal load and
with equivalent operating settings of the fuel screw, the mass flow
of fuel varied considerably when different fuels were used (Ta-
ble 3). Fuel mass flows ranging from 3.62 to 4.45 kg h�1 were ob-
served, corresponding to a variation of approximately 20%. As a
result, the energy input to the boiler also varied considerably and
proportionally to the mass flow of fuel. The energy load ranged
from 15.83 kW with maize to 20.39 kW with vineyard pruning.
The variability in both mass and energy flows can be explained
by differences in the bulk density. Pelletized agricultural and for-
estry biomass commonly show bulk densities ranging from 480
to 700 kg m�3 [11,44–48]. Other factors that may influence the fuel
feeding are pellet size [46], amount of fines [47] and the surface of
the pellets [47]. The mass flow of ash varied between 0.12 and
0.31 kg h�1, due to different fuel mass flows and different ash con-
tents of the experimental fuels (ash contents ranging from 3.3 to
7.9 wt.% dry basis in Miscanthus and Sorghum respectively).

3.1.2. Excess air ratio
Each combustion unit has a characteristic CO versus air ratio

curve when operated with a certain biomass fuel. Such curves give
the air ratio that minimises emissions and maximises the
efficiency. Furthermore, to ensure a complete combustion, a good
utilisation of the combustion chamber (with even gas flow distri-
bution) as well as uniform temperature distribution (avoiding local
temperature peaks) should be achieved by optimising the combus-
tion chamber and nozzle geometries [40]. Therefore, the CO

characteristics can also be used to assess the suitability of the
combustion chamber dimensions in burning a specific fuel. Fig. 3
illustrates the CO versus excess air ratio curves for each of the
investigated biomass fuels for the applied combustion unit.

Most of the biomass fuels show a clear and smooth CO charac-
teristic curve. As expected, each side of the curves show a sharp
and a gradual increase of the CO emissions at low and high excess
air ratios respectively.

In the present boiler, the minimum CO emissions are obtained
at excess air ratios of 1.6–1.8 for Miscanthus and maize, 1.8–2.0
for vineyard pruning, 1.9–2.1 for hay and Sorghum and 2.0–2.2
for wheat bran. The CO emissions were consistently high for straw
pellets relative to the other fuels. Therefore, the most favourable
excess air ratio interval to minimise CO emissions was not clear.
Nevertheless, the lowest CO emissions for straw pellets were ob-
tained at excess air ratios of 2.0–2.1. The high variability of the
CO emissions exhibited by straw and to a smaller extent by wheat
bran and maize, indicates a difficulty of the boiler in achieving sta-
ble combustion conditions with these fuels.

Several reasons can explain the differences in the excess air ra-
tios to minimise CO emissions found for each fuel, (i) the combus-
tion chamber was designed for woody fuels and therefore, their
size and shape were not optimal for all the fuels; (ii) the residence
time on the grate was not optimal for all the pellets; (iii) slagging
and ash lumping on the grate; (iv) the boiler control does not fully
adapt the burning conditions to the different biomass fuels. The
boiler was operated at lambda values averaging 2.0 however, the
plots of Fig. 3 showed that some of the fuels required lower or
higher air ratios in order to minimise CO emissions.

3.1.3. Managing high ash contents
3.1.3.1. Ash and slag. Slag is sintered ash formed on or near the
grate and which strength (i.e. degree of sintering) is mostly af-
fected by the fuels composition [17]. Ash caking and slag was
formed in different amounts during the combustion tests. The per-
centage of slag present in the ash of straw, maize, Sorghum and
wheat bran ranged from 20% to 45% while the ash from Miscan-
thus, vineyard pruning and hay exhibited values of slag below
1%. Further discussion on the different slagging behaviours of the
fuels is given in [43]. The boiler was able to effectively remove
the ash lumps and slag from the grate due to the moving grate
and the agitator (not included in the commercial version), allowing
the boiler to operate for the stipulated time period of 8–12 h.

3.1.3.2. Ash depositions on the heat exchanger surfaces. Combustion-
generated fly ash particles are responsible for ash deposition on the
heat transfer surfaces which will lead to reduced heat transfer
[38,39]. In the present study, several consecutive combustion tests
with different fuels were performed without cleaning the heat
exchanger between the tests. During these test runs, a progressive

Table 4
Boiler efficiency during combustion with and without prior cleaning of the heat exchangers and total number of accumulated hours the boiler was operated without cleaning of
the heat exchanger.

Fuels Heat exchanger not cleaned between tests Heat exchanger cleaned between test

Accumulated operational time of the boiler (h) Efficiency (%) Efficiency (%)

Miscanthus 39 89.2 90.5
Straw 55 88.4b 90.8
Miscanthus with additivea 63 89.6 91.3
Maize 85 83.7c 89.0
Straw with additivea 110 79.9 90.2

a The combustion tests with pellets containing additives were outside the scope of the present work. However, they were one of the fuels tested without cleaning of the
heat exchangers. The efficiency results were therefore important to show the built of deposits.

b The flue gas temperature increased with 5 �C in approximately 5 h.
c The flue gas temperature increased with 10 �C in approximately 7 h.
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increase in flue gas temperature was observed. After a total opera-
tional time of 110 h, the boiler efficiency had decreased with
approximately 10%, due to the continuous build up of deposition
on the heat exchanger walls that inhibited proper heat transfer be-
tween the flue gas and the feed water. Table 4 shows the effect of
cleaning the heat transfer surface on the boiler efficiency during
combustion of different fuels.

The efficiencies shown in Table 4 were calculated based on the
heat input and output of the boiler (direct method), owing to the
inaccuracy of the indirect method in these particular cases. Effi-
ciency drops due to the accumulation of ash particles in the heat
exchanger walls can be avoided by frequently cleaning the heat
exchangers.

3.2. Boiler limitations and potential improvements

Three main boiler limitations were found when agricultural bio-
mass fuels were burned in the wood pellet boiler. The first was
connected to the combustion chamber; based on the results of
the CO characteristic curves shown and explained in Section 3.1.2,
the design of the combustion chamber was most probably not opti-
mal for all the agricultural fuels. The second limitation was related
to the boiler lambda control; the boiler was unable to adjust to an
optimal excess air ratio. The optimum lambda value for some of
the fuels was either lower or higher than the one the boiler was
using (1.9–2.0). Finally, the third boiler limitation was related to
the heat exchangers. It was observed that in consecutive combus-
tion tests, the efficiency was progressively decreasing due to ash
accumulation on the heat exchangers.

Several modifications in the boiler technology are required to
improve the combustion of agricultural fuels. The boiler control
system should be more flexible in order to better adapt the burning
conditions to the different fuels. That could be done, e.g., by
improving the control algorithm of the boiler so that the operation
settings are changed according to the fuel type. The user could in-
sert key fuel properties or the system could have already a data-
base with the different fuel properties and the user would only
need to choose the fuel type prior to combustion. The boiler would
then adapt the air supply and fuel feeding to the desired heat out-
put. In this way, the problems related with the combustion cham-
ber design would also be reduced. Finally, heat exchangers with

automatic cleaning systems would be recommended in the interest
of keeping the high comfort and lowmaintenance level of the pres-
ent boiler. The mechanisms for cleaning of the heat exchanger and
moving grate could be connected to the controlling unit and the
cleaning intervals would be a function of the fuel type.

3.3. Emissions

The gaseous and particulate emissions are presented and com-
pared with the legal requirements defined in FprEN 303-5 [41].

3.3.1. CO emissions
The CO emissions varied significantly among the studied agri-

cultural fuels and were in general higher than when woody bio-
mass was used, with the exception of Miscanthus (Fig. 4). Hay,
wheat bran and straw pellets showed the highest values of 280,
224 and 223 mg MJ�1 respectively, which were eleven to fourteen
times higher than the emissions from wood pellets. The CO emis-
sions from maize, vineyard pruning and Sorghum were compara-
tively low and just two to five times higher than the emissions
from wood pellets.

The difference in CO emissions between agricultural and woody
fuels can be explained by the control system of the boiler, i.e. the
boiler could not adapt the combustion air to the needs of the differ-
ent agricultural fuels, as verified in Section 3.1.2. For example,
wheat bran and hay were burned at an excess air ratio of 2.0. How-
ever, a reduction in the CO emissions is to be expected if the boiler
would be operated at a lambda value of 2.1 with both fuels (Fig. 3).
Additionally, the CO emissions observed during combustion of
straw and wheat bran could be partly explained by the slag
formed, whereas 40% and 37% of the ash from straw and wheat
bran respectively, consisted of slag (Fig. 4). The formation of ash
lumps and slag could have caused an uneven flow of combustion
air through the fuel bed which could in turn impair the char and
gas-phase burnout.

The FprEN 303-5 defines CO emissions for automatic stoked
boilers with a nominal heat output below 500 kW operated
with biogenic fuels. The CO emissions legal requirements for
boiler classes 3, 4 and 5 are 3000 mg m�3 at 10% O2 (approximately
2000 mg MJ�1), 1000 mg m�3 at 10% O2 (approximately 670
mgMJ�1) and 500 mg m�3 at 10% O2 (approximately 330 mg MJ�1)

Fig. 4. CO emissions in units of mg MJ�1and percentage of slag particles in the ash of the different fuels. The error bars correspond to the SEM (standard error of the mean).
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respectively. All the fuels tested can fulfil the CO emissions legal
requirements for the three boiler classes.

3.3.2. NOx emissions
Fig. 5 shows the NOx emissions and the nitrogen conversion rate

as a function of the different nitrogen contents of the agricultural
fuels tested. The combustion temperatures were below 1300 �C
and therefore the NOx emissions are expected to be only due to
variations in the nitrogen bound in the fuel [4,21].

As expected, the NOx emissions show a growing trend towards
higher fuel nitrogen contents. However, the two quantities were
weakly correlated, as also observed by other authors, e.g.
[7,11,49]. The weak correlation can have several explanations. On
the one hand, high concentrations of CO or other carbon com-
pounds may inhibit NOx formation [50,51]. Carbon monoxide has
been shown to enhance the rate of NO reduction over different car-
bonaceous materials [52,53]. On the other hand, the catalytic effect
of char and ash may also influence the NOx emissions [39,50]; the
NO formed by the char may be re-adsorbed on the char surface and
form N2 by a following reaction with NO or NO can be reduced by
CO catalysed by char [22]. The minerals present in biomass may
enhance the rate of the NO char reaction, indicating a potential
of this reaction for NOx control [53]. Consequently the catalytic ef-
fect of char must be taken into account in fuels with high ash con-
tents [54] and in fuels with high content of catalytic active

substances like calcium, magnesium, iron and potassium
[22,39,55].

The combustion of agricultural fuels resulted in higher NOx

emissions than when woody fuels were burned. In terms of legal
requirements, the FprEN 303-5 [41] does not define NOx emission
limits. Among the country deviations stated in the same draft stan-
dard, Austria is the only European country with legal NOx emis-
sions requirements for boilers with a nominal heat output below
150 kW operated with standardised non-woody fuels. All the
tested agricultural fuels, with the exception of maize, fulfil the
NOx emission legal requirements (300 mgMJ�1) according to the
Austrian law.

The plots in Fig. 6 show the effect of the lambda variation on the
NOx emissions. Whenmaize was burned at a lambda of 1.7, the NOx

emissions were reduced with about 22% to 270 mg MJ�1 without
compromising complete combustion (see Section 3.1.2). In this
way, maize was compliant with the Austrian legal requirements
in terms of NOx emissions. Similarly, Miscanthus operated at a
lambda of 1.6–1.7 would reach a 16% reduction in NOx emissions
to about 175 mg MJ�1. It can also be observed that when the boiler
was operated at a lambda of 2.1 with hay and wheat bran instead
of 2.0, which was found to be the optimal level in terms of CO
emissions (see Section 3.1.2), the NOx emissions would increase
with approximately 18% and 6% respectively, making wheat bran
incompliant with the Austrian NOx emission requirement. The

Fig. 5. NOx emissions (left axis) and nitrogen conversion rate (right axes) as a function of the nitrogen content of the biomass fuels. The error bars correspond to the SEM
(standard error of the mean).

Fig. 6. NOx emissions as a function of the excess air ratio for maize, hay, Miscanthus and wheat bran.
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reductions and increases on the NOx emissions when the air ratio
was decreased and increased respectively were probably con-
nected with the conditions in the primary combustion zone. It is
well known that a considerable reduction of the NOx emissions
can be reached by applying staged combustion, i.e. creating an
understoichiometric primary combustion zone and providing a
mean residence time of 0.5 s between primary and secondary com-
bustion will favour the reduction of fuel-N to N2 [4].

3.3.3. SO2 emissions
As presented in Table 5, the SO2 emissions varied as a function

of the fuel sulphur content. The lowest and the highest emissions
of SO2 were obtained during combustion of Miscanthus
(26 mg MJ�1) and wheat bran (227 mg MJ�1) respectively. Corro-
sion problemsmight be expected during combustion of wheat bran
due to its high sulphur content (above 0.2 wt.% dry basis) [16]. The
sulphur conversion rate was not strongly affected by the sulphur
content. The lowest and the highest sulphur conversion rates were
observed during combustion of vineyard pruning (32%) and wheat
bran (73%) respectively.

3.3.4. Dust emissions
Fig. 7 shows the dust emissions from the boiler when operated

with the tested fuels. In general, with increasing ash content of the
biomass fuel also the particle emissions increased considerably
[56]. However, no clear correlation was found between the particle
emissions and the ash content of the fuels. The emissions from
burning hay, wheat bran and Sorghum pellets were lower than ex-
pected, given the high ash contents of these fuels. Alkaline metals
are key fuel components responsible for the inorganic fraction of
the dust emissions. Other relevant species are S, Cl and some heavy
metals such as Zn (zinc) [16,31,36]. The high dust emissions ob-
served during straw, maize and wheat bran combustion may be
connected to their high contents of alkali metals and sulphur.
The high dust emissions from burning straw can also be connected
with a high level of products of incomplete combustion given the

fact that the CO emissions were high (220 mg MJ�1). Despite the
high alkali metals and sulphur contents in wheat bran (275 and
2.4 g kg�1 of fuel respectively), the particle emissions were rela-
tively low (78 mg MJ�1). In comparison to straw, the alkali metals
and sulphur contents were approximately 20 and 2 times higher
respectively in wheat bran, while the resulting dust emissions
were 45% lower. The dust emissions while burning hay were 60%
lower than when straw was burned. However, the alkali metals
and sulphur contents in the two fuels were very similar. The rela-
tively low dust emissions shown by wheat bran and hay could be
explained with the relatively high content of silica. The volatility
of potassium was probably significantly reduced by the incorpora-
tion into silicate structures [34,35]. The high amount of sintered
ash observed during combustion of wheat bran, 40% of slag
(Fig. 4) confirms the retention of potassium in the ash.

The emissions while burning agricultural fuels were in general
higher than when wood was used. All the fuels tested, with the
exception of straw and Sorghum, fulfilled the dust emissions
requirement of the FprEN 303-5 [41] for boiler class 3 operated
with non-woody fuels (200 mg m�3 at 10% O2 or approximately
133 mg MJ�1). The dust emissions requirements for boiler classes
4 and 5 are respectively 60 and 40 mg m�3 at 10% O2, correspond-
ing to approximately 40 and 27 mg MJ�1. These requirements are
only applicable to woody fuels. However, vineyard pruning and
Miscanthus fulfilled the dust requirements for both boiler classes.
Among the deviations in the dust emission requirements of some
of the European countries, it is important to stress the cases of
Austria and Germany due to their stricter requirements. In Austria,
the dust emissions of boilers with automatic stoking operated with
standardised non-woody fuels should not exceed 60 mg MJ�1 and
from January 1, 2015 this limit will be lowered to 35 mg MJ�1.
According to the current Austrian law, only Miscanthus, vineyard
pruning and hay could be burned in the studied boiler. The German
deviation only includes emission limits for non-woody biomass
fuels to appliances installed after 31.12.2004. From that date on,
the dust emissions from boilers with a nominal heat output

Table 5
Sulphur content, SO2 emissions (±SEM) and sulphur conversion rate (±SEM) of the tested fuels. SEM stands for standard error of the mean.

Fuel Wheat bran Hay Sorghum Maize Straw Miscanthus Vineyard pruning Wood with 5% rye flour

S content in the fuel (wt.%) dry basis 0.24 0.13 0.11 0.09 0.10 0.03 0.02 0.01
SO2 emissions (mg MJ�1) 220 ± 2.7 75 ± 0.6 70 ± 1.3 58 ± 0.5 44 ± 0.8 26 ± 0.7 7.2 ± 0.9 3.4 ± 0.0
Sulphur conversion rate (%) 73 ± 0.9 44 ± 0.4 52 ± 1.0 51 ± 0.3 35 ± 0.7 70 ± 1.8 32 ± 1.7 37 ± 0.0

Fig. 7. Particle emissions in units of mg MJ�1. The error bars correspond to the SEM (standard error of the mean).
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between 4 kW and 30 kW and burning e.g. straw and grains,
should not exceed 20 mg m�3 at 13% O2 (approximately
13 mg MJ�1). Among the agricultural fuels tested, only Miscanthus
can fulfil the future emission limits of Austria and Germany in the
tested boiler.

3.4. Efficiency

Fig. 8 represents the combustion efficiency of the boiler oper-
ated with the tested biomass fuels. The boiler showed efficiencies
close to or higher than 90% when operated with agricultural fuels.
Boiler efficiency was highest with wheat bran (94%) and Miscan-
thus pellets (94%) and lowest with Sorghum pellets (89%). The boi-
ler satisfied the minimum efficiency requirements defined in the
FprEN 3003-5 [41] with all the fuels tested and was always above
the requirements for boiler classes 3, 4 and 5 (74%, 82% and 88%
respectively).

4. Conclusions

The technical and environmental performance of a 15 kW pellet
boiler fired with different fuels were evaluated.

– Boiler technology:
� The automatic feeding system and the lambda control were

unable to adjust to an optimal level for a broad variety of
non-woody biomass fuels.

� The design of the combustion chamber is not optimal for all
the biomass fuels (see Section 3.1.2).

� Adequate ash management devices were important to
enable the boiler to manage fuels with high ash contents.

� Ash accumulation on the heat exchanger walls rapidly
reduced the boiler efficiency.

– It is recommended that boilers for burning agricultural fuels have
flexible control systems, automatic cleaning of the heat exchang-
ers and should be adapted to manage high ash content fuels.

– The emissions from burning agricultural fuels were in general
higher than when woody biomass was used. Nevertheless, all
the agricultural fuels satisfied the legal requirements defined
in the FprEN 303-5 with the exception of straw and Sorghum
regarding dust emissions.

– Only Miscanthus, vineyard pruning and hay can fulfil Austrian
legal requirements of NOx and dust emissions (stated in the
country deviations of the FprEN 303-5 [41]).

– The boiler showed efficiencies close or higher than 90% with all
the agricultural fuels and met the minimum permissible effi-
ciency requirement defined FprEN 303-5 for boiler classes 3–5.
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h i g h l i g h t s

� Alkali impregnation of biomass increases cold gas efficiency in entrained flow gasification.
� Methanol yield increased from 62% to 65–66% by impregnation.
� Impregnation has a small influence on the methanol production costs.
� If exempted from tax, biomethanol produced via entrained flow gasification could be competitive to taxed gasoline.
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a b s t r a c t

This study evaluated the techno-economic performance and potential benefits of methanol production
through catalytic gasification of forest residues and lignin. The results showed that while catalytic gasi-
fication enables increased cold gas efficiencies and methanol yields compared to non-catalytic gasifica-
tion, the additional pre-treatment energy and loss of electricity production result in small or no
system efficiency improvements. The resulting required methanol selling prices (90–130 €/MWh) are
comparable with production costs for other biofuels. It is concluded that catalytic gasification of forest
residues can be an attractive option as it provides operational advantages at production costs comparable
to non-catalytic gasification. The addition of lignin would require lignin costs below 25 €/MWh to be
economically beneficial.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Gasification of biomass is considered as a key technology for the
production of advanced biofuels (Maity, 2015; McKendry, 2002).
This technology can convert biomass into a synthesis gas (syngas)
which after adequate cleaning and conditioning can be converted
to liquid transport fuels or chemicals, e.g. methanol, synthetic nat-
ural gas (SNG) or Fischer-Tropsch fuels. Entrained flow gasification
of biomass in particular is a promising large-scale technology for
producing a high quality syngas, making it an ideal technology
for downstream biofuels production (Sikarwar et al., 2016). A
drawback of this technology is that it requires high operation tem-
peratures (typically higher than 1300 �C) to achieve a high carbon
conversion within relatively short residence times, which can lead
to soot formation (Weiland et al., 2015, 2013). In addition, biomass

ash properties can lead to problems with accumulation in the gasi-
fication reactor or reactor outlet plugging (Carlsson et al., 2014; Ma
et al., 2016, 2015). In order to produce biofuels via biomass gasifi-
cation and be competitive with fossil fuels, efficient and trouble
free conversion processes that can maximise the value of the lim-
ited biomass resources are essential. Several studies have shown
that impregnation of biomass with alkali metals results in
increased gasification reaction rates e.g. (Kirtania et al., 2016a;
Perander et al., 2015) and consequently reduced tar and soot for-
mation (Kirtania et al., 2016a). In addition, as alkali carbonate salts
formed in the gasifier melt at relatively low temperatures, alkali
addition will serve as a slag fluxing agent (Song et al., 2009) having
the potential to solve problems related to the flowability of the slag
(Carlsson et al., 2014; Ma et al., 2016, 2015). While improving the
entrained flow gasification process, biomass impregnation with
alkali adds, however, an extra expense in the biofuel production
chain.

http://dx.doi.org/10.1016/j.biortech.2017.02.019
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The literature on the subject of techno-economic analysis of
biofuel production via biomass gasification is considerable and
broad, covering stand-alone production (e.g. Swanson et al.,
2010; Tunå and Hulteberg, 2014) as well as industrially integrated
production in for example sugar mills (e.g. Petersen et al., 2015)
and pulp mills (e.g. Andersson et al., 2014; Isaksson et al., 2016)
with different biofuels end-products. Although extensive research
on the technical improvements of alkali addition in gasification
has been performed (Huang et al., 2009; Kirtania et al., 2016a;
Mitsuoka et al., 2011; Nanou et al., 2011; Perander et al., 2015),
techno-economic assessments are lacking of the feasibility of using
alkali impregnated lignocellulosic biomass as feedstock for biofuel
production via entrained flow gasification. This study aims to fill
this knowledge gap, by investigating the technical and economic
influences of utilising alkali impregnated biomass as feedstock
for biofuel production via entrained flow gasification.

Another potential feedstock for catalytic gasification is
unwashed kraft lignin. In kraft pulp mills, the cellulose fibres are
chemically separated from the wood lignin, most of which ends
up in the black liquor together with the cooking chemicals and
organic residues. The black liquor is commonly burned in a recov-
ery boiler to produce steam and recover the chemicals. Kraft pulp
mills with a black liquor production that is close to the maximum
capacity of the recovery boiler can further increase pulp produc-
tion by removing part of the lignin from black liquor using e.g.
the LignoBoost process (Tomani, 2010) rather than extending or
investing in a new recovery boiler. In the LignoBoost process, lignin
is precipitated by acidification and filtered. The filter cake is re-
dispersed and washed with sulphuric acid and water to remove
carry-over, protonate the lignin and reduce the ash content. The
isolated lignin has a relatively low ash content (typically 0.5%)
(Tomani, 2010). With lignin separation, a product is created that
can be used internally (e.g. in the lime kiln), stored or exported
to an external consumer. If an alkali rich lignin is preferred, a mod-
ified process can be applied where the standard washing step that
removes the remaining soluble organic and inorganic contents is
omitted, resulting in an unwashed lignin product that could poten-
tially be used as gasification feedstock for e.g. biofuel production.
The main reasons for including unwashed lignin as gasification
feedstock are threefold: i) it is a naturally alkali rich feedstock with
the potential of improving the entrained flow gasification process;
ii) it gives the potential to increase the gasification feedstock flex-
ibility; and iii) it constitutes a possible way of utilising an indus-
trial product that is made available through de-bottlenecking
kraft mills’ production constraints.

Methanol is the biofuel in focus in this study. Methanol of
chemical grade quality (grade AA with 99.8% purity) can be used
as a blend-in component or as a complete substitute for gasoline
in internal combustion engines as well as in modified diesel engi-
nes (Olah et al., 2006). By omitting the last distillation step in the
process a product with 80% purity is obtained – crude methanol.
Crude methanol is normally seen as an intermediate to grade AA
methanol but is suitable as a marine fuel (Brynolf et al., 2014;
Winnes et al., 2015).

The aim of this study is to evaluate the techno-economic perfor-
mance of producing biomethanol trough catalytic gasification of
solid biomass, in future large-scale facilities, using a modelling
approach. Forest residues are used as feedstock and are either i)
impregnated with an alkali salt prior to gasification, or ii) impreg-
nated and gasified in parallel with unwashed lignin. The specific
objectives are to i) study the effect of alkali addition on the gasifi-
cation cold gas efficiency, ii) investigate the influence of alkali
addition on methanol conversion and overall systems efficiency,
and iii) analyse the process economics. Two grades of methanol
are evaluated as transport fuels, namely crude methanol (as mar-
itime transport fuel) and grade AA methanol (as automotive fuel).

Although the study is made for Swedish conditions, the results can
be generalised or applied to countries with kraft pulp industries
and rich forest resources by taking into account possible differ-
ences in the economic assessment.

2. Materials and methods

Catalytic gasification of different solid biomass feedstocks with
downstream biomethanol production were simulated using a ther-
modynamic equilibrium model, developed and validated for black
liquor gasification (Carlsson et al., 2010a; Furusjö and Jafri, 2016),
in combination with an Aspen plus process model (Aspen Technol-
ogy, Burlington, USA). Important modelling constraints were to
produce a sufficient amount of process steam to meet the heat
demands for the methanol plant as well as for the pre-treatment
of the solid biomass (impregnation and drying). The resulting
material and energy balances were used to evaluate different case
scenarios in terms of energy efficiency, methanol yields (on energy
basis), overall systems efficiency and economic performance. Fig. 1
provides a schematic representation of the process layout.

2.1. Description of studied cases

The effect of using catalysts to enhance the gasification reac-
tions was studied by analysing three cases with impregnated feed-
stock with a thermal input of 300 MW (based on the higher heating
value (HHV) or approximately 280 MW based on the lower heating
value (LHV)) as well as one reference case using a non-
impregnated feedstock:

� Case 0: non-impregnated forest residues (dry feedstock input of
52.7 t/h)

� Case 1: forest residues impregnated with potassium carbonate
(K2CO3), (dry feedstock input of 52.7 t/h);

� Case 2: forest residues impregnated with K2CO3 (dry feedstock
input of 39.6 t/h) gasified in parallel with unwashed lignin from
one pulp mill (corresponding to a dry feedstock input of 16.2 t/
h);

� Case 3: forest residues impregnated with K2CO3 (dry feedstock
input of 36.4 t/h) gasified in parallel with unwashed lignin from
three different, but similar pulp mills (corresponding to a dry
feedstock input of 6.4 t/h from each pulp mill).

The forest residues (all cases) consist of chips from branches
and tops made of 45% hardwood (birch) and 55% softwood (pine).

The lignin used as secondary feedstock in cases 2 and 3 was
assumed to originate from state of the art kraft pulp mill(s) with
a pulp production of 700 kADt, which was separated from black
liquor through a modified LignoBoost process, as outlined in the
Introduction. In case 2, 30% of the total lignin content of the black
liquor was precipitated, which was estimated to be the maximum
possible lignin separation without disturbing the operation of the
recovery boiler. With this separation, the pulp mill will require
additional sulphur make up to maintain the balance in the chemi-
cal cycle. Sulphur can be provided by e.g. adding leached ESP (Elec-
trostatic Precipitator) ash from a recovery boiler of another mill.
The lignin extracted for case 3 satisfies the maximum possible lig-
nin extraction without requiring sulphur make up and corresponds
to 13% of the total lignin in black liquor. For the purpose of having a
similar lignin amount as for case 2 (and similar gasifier size for the
lignin), it was assumed that the lignin type used in case 3 is sup-
plied from three similar pulp mills. Table 1 shows the elemental
composition and heating values for the feedstocks considered.
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2.2. Biomass pre-treatment

The selection of biomass pre-treatment and impregnation to be
considered in the process modelling was based on previous exper-
imental work which is described in detail in Kirtania et al. (2016a,
b). The forest residues go through a primary size reduction (chip-
ping), to obtain an efficient impregnation. The chipped forest resi-
dues (5 mm thick and 20 mm long) are transferred to tanks where
they are mixed and soaked with impregnation fluid for a period of

30 min at elevated temperature. The chipped and impregnated for-
est residues are dried to 8% moisture using a belt drier and ground
to 1.5 mm particle size using a hammer mill before being fed to the
gasifier. The alkali salts are recovered as a concentrated aqueous
solution which is filtrated before being recirculated and re-used
to impregnate the next batch of forest residues. 1% to 2% of the
impregnation liquid is purged to avoid accumulation of solids
and unwanted substances (e.g. sulphates) in the cycle. This alkali
recovery is an integrated part of the gasifier design, since it is nec-
essary to recover pulping chemicals in the case of black liquor gasi-
fication (Naqvi et al., 2010). The composition and heating values of
the impregnated forest residues are presented in Table 1. Non
impregnated residues (case 0) follow the same pre-treatment steps
with the exception of the impregnation and impregnation liquid
re-circulation steps. The energy requirement for drying is lower
for case 0 since the biomass is not soaked in water during
impregnation.

It was assumed that the lignin used in cases 2 and 3 is pur-
chased in the form of lignin powder with a water content of
38 wt% and that it is dried to a moisture content of 8 wt% before
being fed to the gasifier.

2.3. Systems layout and modelling

The main steps of the methanol production process as well as
the material and energy streams are presented in Fig. 1. Surplus
heat is converted or used in the form of either i) hot water at
95 �C and 1 bar(a), ii) low pressure steam (LPS) at 150 �C and
4.5 bar(a), iii) medium pressure steam (MPS) at 200 �C and 10 bar
(a) or iv) high pressure steam (HPS) at 250 �C and 30 bar(a).
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Fig. 1. Schematic representation of the material and energy flows. Thin arrows represent flows included in both crude and grade AA methanol production. Fat arrows
correspond to grade AA methanol production only. Solid lines represent material and energy flows common to all the cases while dashed flows correspond to flows required
for some of the cases.

Table 1
Composition and heating values of the biomass feedstocks.

Forest
residuesa

Impregnated
forest residues

Unwashed kraft
ligninb

Moisture content [wt%] 35 8 38.2

Elemental composition [wt% dry basis]
C 50.9 46.9 51.8
H 6.2 5.7 4.3
S 0.02 0.02 2.4
O 41.8 42.2 32.2
Na 0 0 7.32
K 0.3 4.5 1.72
Cl 0 0 0.09
K 0.78 0.78 0.08

Heating Values [MJ/kg] in dry basis
HHV 20.5 18.8 20.7
LHV 19.6 17.6 19.8

a According to Weiland et al. (2014).
b Approximately 160 L of BL (39.7% dry solids) from Nordic Paper Bäckhammar

mill was used to produce unwashed lignin in Innventia’s mobile LignoBoost pilot
plant. The pH was adjusted from 13.9 to 10.1 using 7.36 kg of CO2 and a total of 36.9
kg of unwashed lignin was produced.
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2.3.1. Gasification modelling
The considered gasification technology is a pressurized oxygen-

blown entrained flow gasifier, developed by Chemrec AB for the
purpose of gasifying black liquor (Ekbom et al., 2003) and thus sub-
stituting or complementing the recovery boiler in kraft pulp mills.
The gasifier consists of a refractory lined, oxygen blown, entrained
down-flow gasification reactor. The hot syngas leaves the gasifier
from the bottom and is cooled with several nozzles spraying con-
densate and water in the quench zone. Inorganic smelt and
entrained particles containing alkali salts fall into a quench pool.
The raw syngas exits the quench and is cooled further in a
counter-current condenser that condenses the water vapour and
other condensable species that may still be present, acting as an
efficient particle scrubber (Wiinikka et al., 2010). A more detailed
description of the gasification technology can be found in
Carlsson et al., 2010b; Jafri et al., 2016; Wiinikka et al., 2012.

The gasification simulations were carried out using a thermody-
namic equilibrium model, SIMGAS, which was developed to simu-
late black liquor gasification and has been validated using pilot
plant experiments (Furusjö and Jafri, 2016). The model is based
on a global equilibrium approach that calculates equilibrium com-
positions of product gas and smelt, based on reactor inputs and
Gibbs energy minimization. A constant methane concentration of
1% was used for all cases, based on experience from sawdust and
black liquor gasification in pilot scale (Jafri et al., 2016; Weiland
et al., 2015) since thermodynamic equilibrium models cannot pre-
dict methane formation (Furusjö and Jafri, 2016).

When simulating black liquor gasification, the reactor tempera-
ture was normally fixed at 1050 �C (Andersson et al., 2015). In the
present study, reactor temperatures of 1350 �C, 1100 �C and
1050 �C were used to model gasification of forest residues, impreg-
nated forest residues and unwashed lignin, respectively. For forest
residues (impregnated or non-impregnated), the choice of reactor
temperatures was based on char gasification reactivity and kinetics
of the feedstocks, as explained in Kirtania et al. (2016b) and
Weiland et al. (2015). For unwashed lignin, the assumption on
temperature level was based on unpublished data from laboratory
experiments carried out at Luleå University of Technology, which
show a gasification behaviour very similar to black liquor. For cases
2 and 3, separate gasifiers for impregnated forest residues and lig-
nin were used, to be able to adapt the gasification temperature to
each specific fuel and therefore optimise the gasification efficiency
for each of the fuels. Furthermore, the process of recovering and re-
utilising the impregnation fluid is simplified.

The gasification unit consists of a multi-train arrangement with
a maximum capacity of 150 MWth for each of the individual gasi-
fiers. One redundant gasifier is considered for each of the four
cases, to ensure continuous operation. The redundant gasifier for
cases 2 and 3 is shared between the two feedstocks and the capac-
ity was chosen to assure a continuous operation of 300 MW fuel
input regardless of the gasifiers that are in maintenance.

2.3.2. Syngas upgrading and methanol synthesis
An Aspen Plus process model of the methanol plant was devel-

oped to simulate the downstream syngas upgrading and biometha-
nol synthesis from the hot syngas prior to quenching, until and
including the production of either crude or grade AA methanol.
The model was validated with a reference black liquor gasification
based biofuel plant that produces 100 MW of methanol (Andersson
et al., 2015). The same data was used to scale the power and the
steam flows with direct proportional scaling.

The raw syngas is cooled to a temperature of 40 �C in the
counter-current condenser, while recovering heat for steam gener-
ation. After that the gas enters the water gas shift (WGS) unit (see
Fig. 1), where the ratio between H2 and CO2 is adjusted by adding
steam (HPS) according to Eq. (1) (Olah et al., 2006).

COþH2O $ CO2 þH2 DH� ¼ �41:1 kJ=mol ð1Þ
The ratio (H2-CO2)/(CO + CO2) in the sweet syngas should be

close to 2, (e.g. Lange, 2001; Williams et al., 1995), in order to opti-
mise the performance of methanol synthesis. Here, a ratio of 1.95 is
used. The WGS was simulated using an equilibrium reactor. HPS,
LPS and hot water are available through desaturation of the shifted
syngas. Sulphur and CO2 have to be removed upstream of the
methanol reactor to avoid catalyst poisoning and deactivation
(Lange, 2001). The acid gases (H2S/COS and CO2) are removed from
the shifted syngas in the acid gas removal unit (AGR). The mod-
elling of this process was based on the Rectisol system (Weiss,
1988). Methanol synthesis can be described with the following
reactions (Eqs. (2) and (3)): (Olah et al., 2006)

COþ 2H2 $ CH3OH DH� ¼ �90:8 kJ=mol ð2Þ

CO2 þ 3H2 $ CH3OHþH2O DH� ¼ �49:8 kJ=mol ð3Þ
In the present study, the sweet syngas was compressed to a

pressure of 90 bar(a) and the temperature before entering the syn-
thesis reactor was 225 �C. The methanol synthesis was simulated
using an equilibrium reactor with a temperature approach of
30 �C to simulate small deviations from equilibrium and reproduce
experimental data. The synthesis gas leaving the reactor, besides
methanol and water, also contains unconverted syngas and inerts
(methane and nitrogen). To boost the overall conversion, the
unconverted gases are recycled back to the reactor after being sep-
arated (two-stage separation) from the raw methanol stream
through condensation. A purge stream is removed to avoid build-
up of inerts in the loop – purge gas. As the synthesis reactions
are strongly exothermic, the heat release is made available in the
form of HPS and hot water. The water present in crude methanol
is removed by distillation in the product distillation unit (PDU),
leading to grade AA methanol with purity greater than 99.85 wt
%. MPS is required for this process.

2.3.3. Steam and energy system
Purge gas from the methanol synthesis is combusted in a steam

boiler, with an assumed efficiency of 95%, to generate HPS (see
Fig. 1). The total steam produced in the plant, basically LPS and
HPS, is primarily re-distributed inside the methanol plant between
the requiring units. HPS is used in the WGS process and excess
steam is expanded to MPS level to be utilized in the AGR and
PDU. The surplus heat, steam and hot water, are used for feedstock
pre-treatment, i.e. drying and impregnation.

If steam is still available, electricity is produced in a back pres-
sure turbine, by expanding HPS into LPS, and in a condensing tur-
bine, to a pressure of 0.1 bar(a). Both turbines were simulated
assuming an isentropic efficiency of 85% and a generator efficiency
of 98%. LPS is the most available steam level and normally in sur-
plus in the plant. In the cases where the available HPS is insuffi-
cient to cover the MPS demand, LPS is compressed to MPS at the
expense of consuming additional electricity. When the surplus
steam is not enough to cover both the plant process steam require-
ments and the feedstock pre-treatment, additional biomass is
burned in the steam boiler (together with the purge gas) to pro-
duce the required additional HPS.

2.4. Techno-economic assessment

2.4.1. Process efficiency
The cold gas efficiency (CGE) is a measure of the gasifier perfor-

mance and was calculated using Eq. (4). The CGE and methanol
yields on an energy basis (i.e. feedstock to methanol conversion
efficiency according to Eq. (5)) were used to evaluate the effect
of alkali addition on methanol production via solid biomass gasifi-
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cation. The efficiencies were calculated based on sulphur-free
higher heating values (SFHHV), given the fact that sulphur is either
recovered in the smelt or removed from the syngas in the AGR unit
(Jafri et al., 2016).

CGE ¼ ðSFHHV�mÞsyngas=ðSFHHV�mÞfeedstock � 100½%� ð4Þ

Methanolyield ¼ ðHHV�mÞmethanol=ðSFHHV�mÞfeedstock � 100½%�
ð5Þ

The overall system efficiency was calculated for each case using
system boundaries according to the dashed box in Fig. 1. Consider-
ing that a proper recipient for hot water utilisation was not
defined, the overall energy efficiency was also calculated excluding
the hot water.

2.4.2. Economic assessment
The present study considers a greenfield investment in a metha-

nol plant, assuming a construction time of three years and a plant
lifetime of 20 years. The economic evaluation was based on the cal-
culation of the required methanol selling price (RMSP) for internal
rates of return (IRR) of 10%, 15% or 20% respectively. The economic
analysis will supply an assessment of the total capital requirement

as well as the competitiveness of biomethanol production for the
different cases.

The resulting RMSPs for both methanol qualities were com-
pared in between the different cases as well as with the prices of
fossil fuels and other biofuels production costs (IRENA, 2016).
The production costs for biofuels include a wide range of produc-
tion processes, plant sizes, types of feedstocks and different gov-
ernmental incentives, etc., and as result, show a large production
costs range.

The total capital investments were calculated by determining
equipment costs and when applicable, installation and indirect
costs as well as the balance of the plant (BOP). Cost estimates are
based on real estimates from commercial process suppliers as well
as on estimations from the literature as presented in Table 2.
Equipment costs were calculated from base equipment costs by
employing equipment scaling exponents using Eq. (6) with a scal-
ing factor (n) of 0.65 (Andersson et al., 2016) when no specific scal-
ing equation or factor is given in the literature,

C ¼ Cref � ðS=Sref Þn ð6Þ
where C and S correspond to the investment cost and the scaling
size of each unit respectively. The subscript (ref) denotes the invest-
ment cost and size of the reference units. The Chemical Engineering

Table 2
Scale parameters and reference sources used for the investment cost calculation.

Unit Scale parameter Scale factor References

Pre-treatment
Chipping* Commercial supplier
Conveyor belt** Wet feedstock flow 0.77 Holmgren (2015)
Tank*,a Tank capacity 0.5 Brown (2007)
Tank agitator*,b Agitator power 0.42 Brown (2007)
Pump*,c Flow* pump head Brown (2007)
Heat exchanger*,d Heat transfer area Brown (2007)
Dryer* Commercial supplier
Milling* Commercial supplier
Feed bin (dual lock hopper)**,e Wet feedstock flow 0.77 Holmgren (2015)
Rotary air lock**,e Wet feedstock flow 0.77 Holmgren (2015)
Water cooled feed screw**,e Wet feedstock flow 0.77 Holmgren (2015)

Biofuel Plant
Air supply snit (ASU)** O2 flow 0.5 Holmgren (2015)
Gasification reactor***,f Thermal load of individual gasifier 0.65 Andersson et al. (2016)
Sour shift (WGS)*** Dry gas flow 0.65 Andersson et al. (2016)
Acid gas removal (AGR)*** CO2 flow 0.65 Andersson et al. (2016)
Methanol synthesis*** MeOH flow 0.65 Andersson et al. (2016)
Methanol production distillation*** MeOH flow 0.65 Andersson et al. (2016)
Sulphur handling***,g Sulphur content in fuel 0.65 Andersson et al. (2016)
MeOH storage*** MeOH flow 0.65 Andersson et al. (2016)
Balance of plant (BOP) MeOH flow 0.65 Andersson et al. (2016)
Flare stack with safety zone*** MeOH flow 0.65 Andersson et al. (2016)
Steam boiler*,h Boiler capacity 0.75 Brown (2007)
Turbines** Gross power production [MWel] 1 Holmgren (2015)
Compressor*,i Compressor capacity 0.8 Brown (2007)

When not included in the price estimations, an installation factor of 1.8 was used to get a lang factor of 5 (Brown, 2007). BOP was assumed to be 25% of the total equipment
plus installation costs. Indirect costs were assumed to be 40% of the sum of the equipment and installation costs including BOP.

* Equipment costs.
** Equipment and installation costs.
*** Complete costs.
a Equipment pricing data for tanks and storage, using a scaling equation for custom built tanks. Value raised by a material factor of 2.4 for a stainless steel tank.
b Equipment pricing data for agitators (turbine). The required agitator power was calculated using an on-line tool (CheCal, 2015) assuming a ‘‘pitched blade” agitator, a

ratio between the agitator diameter and the tank diameter of 0.4 and an agitation of 4 (in a scale from 1 to 10).
c Equipment pricing data for pumps, assuming a liquid flow of 2000 m3/h and a pump head of 10 m.
d Equipment price data for U-tube heat exchangers, with a total heat exchange area of approximately 1150 W/m2.
e Values multiplied by a factor of 0.5 to accommodate merely the difference in price between a solid biomass and black liquor feeding system, see point f).
f The cost of the high pressure feeding system for black liquor as feedstock is included.
g A specific treatment for the sulphur absorbed in the AGR was not studied in particular in the present study. However, a cost for a required sulphur treatment was

assumed, based on the costs of the acid gas enrichment and white liquor adsorption units used to recover the sulphur of black liquor back to the pulp mill.
h Equipment pricing data for oil and gas fired boilers (large package). Value raised by a pressure factor of 1.11 to deliver 30 bar steam. For the cases where additional

biomass was required to fulfil the steam needs of the plant, a factor of 1.4 was multiplied to accommodate the price difference between a simple gas boiler and a boiler that
could burn both purge gas and solid biomass.

i Equipment price data for centrifugal compressor multiplied by a material factor of 2.5 for a stainless still compressor.
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Plant Cost Index (CEPCI) was used to escalate the cost estimates to
the price level of 2015. Costs for the different commodities as well
as for operation and maintenance are listed in Table 3.

2.4.3. Sensitivity analysis
Sensitivity analysis was made by varying parameters that are

considered most relevant in terms of economic influence and/or
known uncertainty, in order to evaluate their impact on the RMSP.
Since the potential economic benefits of increased pulp production
as a result of de-bottlenecking the recovery boiler when introduc-
ing lignin separation were not explicitly considered in the lignin
production costs, this was considered in the sensitivity analysis.
The following parameters were varied:

� unwashed lignin price (changed to 20 €/MW h, equal to fuel bio-
mass prices);

� market price for biomass (±30%);
� electricity purchase price (±30%);
� investment costs of the methanol plant (±30%).

3. Results and discussion

3.1. Energy balances

Depending on the studied feedstock case and desired end pro-
duct (crude or grade AA methanol), the model results showed dif-
ferent plant energy balances, as different approaches to energy
distribution within the plant were required.

3.1.1. Crude methanol production
When producing crude methanol no extra biomass was

required in any of the cases, but electricity needs to be purchased
to cover the electric power demand of the whole plant, as pre-
sented in Fig. 2a. In case 0 (non-impregnated biomass), the avail-
able hot water was enough to supply the required heat for
drying of the forest residues. In case 1 (impregnated biomass), all
the surplus heat in the form of hot water and LPS as well as part
of the HPS was required to fulfil the pre-treatment requirements
and less steam was therefore available for power generation, com-
pared to case 0. Nevertheless, the addition of alkali in case 1 leads
to a methanol production increase of 5% (on energy basis) com-
pared to case 0. In cases 2 and 3 (combined impregnated biomass
and lignin cases), the surplus hot water and LPS were enough to
cover the pre-treatment heat demand. The addition of lignin led
to a minor methanol production increase (about 0.2%) compared
to gasifying impregnated forest residues only (case 1).

3.1.2. Grade AA methanol production
Fig. 2b shows the resulting energy flows for the cases where

grade AA methanol was the desired end-product. The process
steam requirements of the plant were higher due to the extra
MPS need in the PDU. As a consequence, less electricity was pro-
duced in all cases and more purchased power was required. An
increase in the range of 10–38% was observed compared to crude
methanol production. The surplus HPS alone was not enough to
cover the extra MPS needs of the plant and therefore LPS was com-
pressed to a pressure of 10 bar(a).

In case 0, compressed LPS covered the MPS demand and the sur-
plus together with the remaining HPS was used to produce 7 MW
of electricity. In cases 2 and 3, compressed LPS plus HPS produced
enough MPS to cover the plant needs. The two cases are very sim-
ilar, with the main difference that in case 3 enough electricity was
produced to run the compressor, while in case 2, this electricity
must be purchased. In case 1, all the LPS was used as heat for the
pre-treatment steps and the remaining HPS was not enough to
cover the MPS needs of the plant. In this case additional biomass
(37 MW) was required to produce the required HPS.

3.2. Efficiency

Fig. 3 shows the efficiency of the studied system, in terms of (a)
CGE, (b) methanol yield and (c) overall efficiency. Impregnation of
forest residues with K2CO3 led to a CGE increase of 4 percentage
points (p.p.). Lignin provided the highest CGE of all the feedstocks;
3–7 p.p. higher than impregnated and non-impregnated forest
residues respectively. This behaviour can be explained with the
lower gasification temperature as well as lignin composition (i.e.
higher carbon and lower oxygen content) compared to the other
feedstocks (see Table 1). The same trend is observed for the metha-
nol yields. Case 1 (impregnated forest residues) had a 3 p.p. higher
methanol yield than case 0. The one p.p. higher methanol yield in
cases 2 and 3 compared to case 1 results from the addition of lig-
nin. These results show that impregnation with alkali and addition
of alkali rich lignin can increase the methanol production via gasi-
fication of forest residues by about 5%. This is of particular impor-
tance considering that biomass is a limited resource and will make
the system less sensitive to possible fluctuations in biomass prices.

In terms of overall system efficiency (including purchased
power and biomass as well as excess hot water) the implementa-
tion of catalytic gasification on the contrary offers no or small effi-
ciency improvements (Fig. 3c). In case 0, despite the lower
methanol production compared to the impregnated cases, the
lower pre-treatment energy needs allow using the surplus steam
to produce electricity and as a result less power input was
required. In addition, case 0 had a surplus of hot water, which
could be utilised in e.g. a district heating network, thus adding to
the overall efficiency. If the excess heat cannot be recovered and
used, the overall efficiency of case 0 drops to below that of most
of the catalytic cases. The higher overall efficiencies shown by
the lignin cases when compared to case 1, were also a result of
the lower energy needs for pre-treatment in combination with
slightly higher methanol productions. Similarly, the addition of
extra biomass required for production of grade AA methanol in
case 1 resulted in a significant overall efficiency penalty.

3.3. Economic analysis

3.3.1. Capital requirement
The cost for the distillation unit constitutes the difference

between the investment costs of producing crude or grade AA
methanol, as can be seen in Fig. 4a. The major part of the capital
investment corresponds to the methanol plant while feedstocks
pre-treatment amounts to 5–9% of the total capital costs. Fig. 4b

Table 3
Prices for commodities and operation costs.

Costs References

Forest residues [€/MWh] 20 Andersson et al.
(2016)

Unwashed lignin case 2
[€/MWh]b

33 This study

Unwashed lignin case 3
[€/MWh]b

36 This study

Electricity [€/MWh] 57 Andersson et al.
(2016)

Operation and maintenancea

[M€/year]
4% of methanol plant
investment

Andersson et al.
(2016)

a Include salaries as well as general material spare parts.
b Unwashed lignin production costs determined assuming a Lignoboost invest-

ment costs for a future nth of a kind plant, using Eq. (6) for scaling with a scaling
factor of 0.65. A reduction in 30% is assumed to account the omitted step in the
modified LignoBoost process. The operating costs include consumables (CO2 and
NaOH), maintenance costs (3% of investment costs), waste handling and the
reduced power production as a result of the lignin extraction.
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illustrates the contribution to the total pre-treatment investment
costs from each pre-treatment sub-process: size reduction,
impregnation and drying. As can be seen, the higher pre-
treatment investment costs in cases 1, 2 and 3 were due to impreg-
nation and higher drying demands when compared to the refer-
ence case. The higher pre-treatment cost in case 1 compared to
case 0 (19 M€) is partly compensated by a lower methanol plant
cost (6 M€). There are two reasons for the difference in methanol
plant cost. Firstly forest residues (case 0) were gasified at higher
temperatures and more oxygen is required than in case 1. Sec-
ondly, case 0 results in higher steam surplus for electricity produc-
tion compared to case 1 (which uses most of the steam in the pre-
treatment). Case 0 will thus require larger and more expensive
equipment for air separation and electricity production, leading
to a higher investment cost.

When comparing the investment costs for the cases where lig-
nin is added (cases 2 and 3) with case 1, two differences can be
identified: i) lower cost for pre-treatment due to lower amounts

of forest residues; ii) additional cost related to the sulphur treat-
ment and handling. These two differences in principle negate each
other, resulting in similar total investment costs for cases 1, 2 and
3. The specific investment costs per MW of crude or grade AA
methanol produced are similar for all the cases and vary between
2.4 and 2.6 M€ per MW of methanol produced.

3.3.2. Required methanol selling price (RMSP)
The RMSP (€/MWh) for an IRR of 10%, 15% and 20%, is presented

in Fig. 5 for crude (a) and grade AA (b) methanol production. No
taxes have been added to the final prices. Fig. 5c shows the corre-
sponding cost break down per produced MWh of methanol, for an
IRR of 15%.

When considering crude methanol as the end-product, the
RMSP for cases 0 and 1 are more or less identical, corresponding
to 86, 102 and 120 €/MWh for an IRR of 10%, 15% and 20% respec-
tively. This implies that the alkali impregnation does not lead to
higher RMSPs. It is however important to point out that the sale

Fig. 2. Energy flows for crude (a) and grade AA (b) production, based on HHV. Case 0 FR; case 1 Imp FR; case 2 Imp FR with Lignin (1 mill) and case 3 Imp FR with Lignin (3
mills).
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of the hot water surplus as district heating was not included in the
economic analysis, although it could potentially add revenues to
case 0. Due to higher operational costs in cases 2 and 3, the RMSP

are in the range of 4–7% higher than in cases 0 and 1. Case 3 shows
the lowest economic performance of the studied cases due to large
use, and consequently high cost of lignin.
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When producing grade AA methanol, the RMSP increased by
about 6% for cases 0, 2 and 3 (i.e. equal proportional increase)
while for case 1 the increase is 7–8%, when compared to the same
IRR levels for crude methanol production. This difference was a
result of both higher investment and operating costs. The increase
in the investment cost was due to the distillation unit. The main
factors for the increased operating costs were the increased elec-
tricity demand and the fact that less electricity was produced
internally. On top of the increase in electricity needs, case 1
required additional biomass to meet the process steam and heat
requirements of the plant (Fig. 5c).

Despite showing similar (case 1) or higher (cases 2 and 3) RMSP
than the reference case, catalytic gasification could still be an
attractive option, due to aspects not considered in this study. In
addition to higher methanol yields, catalytic gasification provides
operational advantages i.e. improved slag behaviour and decreased
tar and soot formation, which have not been quantified in eco-
nomic terms here. In addition, the decreased process temperature
in the catalytic cases could also have the potential to reduce mate-
rial wear and lead to decreased investment and/or maintenance
costs.

3.3.3. Competitiveness
The RMSP for crude methanol at different IRR are compared

with prices for marine gas oil (the most common maritime trans-
port fuel used), methanol derived from fossil fuels (natural gas)
as well as other biofuels such as biodiesel and mixed alcohols
(including methanol, ethanol and butanol). These results show that
methanol produced via gasification of forest residues with or with-
out alkali addition is unable to compete with fossil derived fuels at
current price levels (Fig. 5a). However, for an IRR close to or below

15%, the RMSP for all the cases is below the lower production cost
limit for mixed alcohols. The RMSP for the three IRR levels fall
inside the lower end of the production cost range for biodiesel,
meaning that the two processes of biofuels production are eco-
nomically comparable.

The RMSP for grade AA methanol was compared with a mix of
bio-alcohols and with Swedish gasoline prices before and after
tax (57 €/MWh and 120 €/MWh, excluding VAT, respectively)
(Fig. 5b dashed lines). For comparison, current European gasoline
price ranges are also presented in Fig. 5b, both before (50–63 €/
MWh) and after tax (89–129 €/MWh). In neither of the cases can
untaxed methanol compete with untaxed gasoline. However, gaso-
line prices with tax added are higher than the RMSP for an IRR
below 15% to 20% (depending on the European country concerned).
When compared with the mix of alcohols, methanol production via
gasification of forest residues appears to be an economic option for
biofuels production.

These results show that methanol production via catalytic gasi-
fication of solid biomass can result in biofuel required selling prices
for biofuels similar to or even lower than other existing biofuels
technologies. While the use of biomethanol can make countries
less dependent on fossil fuels and reduce their greenhouse gas
emissions, it is however not economically feasible at current rela-
tively low fossil fuel market prices. In order to be able to be com-
petitive with fossil fuels as well, policy support (e.g. tax exemption
for biofuels or a carbon tax increase for fossil fuels only) would
thus be required. For a plant located in Sweden, governmental
incentives in the order of 51–53 €/MWh and 56–59 €/MWh would
be required for the cases without and with lignin respectively. In a
broader perspective, 45–66 €/MWh worth of governmental incen-
tives would be required for a plant located in any other country of

30

50

70

90

110

130

150

170

5% 10% 15% 20% 25%

RM
SP

 [€
/M

W
 h

]

Internal Rate of Return (IRR) [%]

case 0 Case 1 Case 2 Case 3

Fossil Methanol 
(47 €/MWh) 

Marine gas oil (MGO) (34 €/MWh) 

Biodiesel
(83-166 €/MWh) 

Alcohols
(109-172 €/MWh) 

(a) (b)

(c)

30

50

70

90

110

130

150

170

5% 10% 15% 20% 25%

RM
SP

 [€
/M

W
 h

]

Internal Rate of Return (IRR) [%]

Case 0 Case 1 Case 2 Case 3

Alcohols
(109-172 €/MWh) 

Gasoline (EU)
(89-129 €/MWh incl. tax)

Gasoline (EU)
(50-63 €/MWh excl. tax) 

53 57 52 55 52 55 52 56

32 32
31 31

21 21 19 19

16 16 20 204 12 12
11

12 11 12 11 125 
7 

8 
9 6 

9 7 
8 

0 

20

40

60

80

100

120

C AA C AA C AA C AA

Case 0 Case 1 Case 2 Case 3

€/
M

W
hm

et
ha

no
l

Capital Forest residues Lignin Extra biomass Opera�on & Maintenance Electricity

Fig. 5. Required crude (a) and grade AA (b) methanol selling prices (RMSP) as a function of the Internal Rate of Return (IRR) and production costs break-down in M€/MWh
methanol for an IRR of 15% (c). Shown as comparison are: (a) current price levels for marine gas oil (Ship and Bunker, 2016), (a) fossil methanol from natural gas (Methanex
Corporation, 2016), (a and b) other biofuels (IRENA, 2016) as well as (b) EU gasoline price intervals including tax as well as excluding tax (VAT excluded) (European
Comission, 2017); Swedish price levels shown as dashed lines (European Comission, 2017). Case 0 FR; case 1 Imp FR; case 2 Imp FR with Lignin (1 mill) and case 3 Imp FR with
Lignin (3 mills).

L. Carvalho et al. / Bioresource Technology 237 (2017) 167–177 175



the European Union, assuming comparable production costs as in
Sweden.

It is a fact that most biofuels currently produced and most bio-
fuels likely to be produced in a foreseeable future will have pro-
duction costs that are higher than fossil fuel prices, especially at
current oil price levels. It is therefore important to highlight that
the purpose of producing biofuels is not primarily to obtain lower
production costs than fossil gasoline or diesel but to reduce the
greenhouse emissions associated with the fossil fuels. In such a
setting, rather than comparing to fossil fuels, it is more appropriate
to make comparisons between the production costs of different
biofuels with a similar greenhouse gas reduction potential.

3.3.4. Sensitivity analysis
Sensitivity analyses of the influence of important parameters

are shown in Fig. 6, where the results are presented on a differen-
tial basis for crude methanol production and an IRR of 15%.

As can be seen, the investment cost for the methanol plant is
the parameter with the highest impact on the RMSP and leads to
a price change in the order of ±18 €/MWh for all the cases and both
methanol qualities. For a methanol plant 30% more expensive than
assumed, the grade AA RMSP would be above the present price
value of taxed gasoline for all the cases. Under these circum-
stances, the IRR must be below 15% to reach RMSP that could
potentially compete with taxed gasoline.

Regarding analysed energy prices, the electricity price was
shown to have a relatively small impact, causing a change of
approximately ±2 €/MWh and ±3 €/MWh for crude and grade AA
methanol production, respectively, when varied ±30%.

A decrease in the lignin price was found to have a significant
impact for cases 2 and 3, which show a reduction of 6–9 €/MWh
in the RMSP, making these cases the most economic options, with
a RMSP of approximately 100 €/MWh and 107 €/MWh for crude
and grade AA respectively.

Changes in the biomass prices result in variations in the RMSP
of ±6 €/MWh to ±10 €/MWh for both methanol qualities. Cases 0
and 1 are the most affected but would still result in lower RMSP
than the lignin cases. Considering that biomass is a limited
resource and prices may increase in the future, cheaper, alternative
and low quality biomass fuels, such as bark and straw, could be of
interest as feedstocks in entrained flow gasification. Catalytic gasi-
fication can then constitute an attractive option in the sense that
the extra costs associated with impregnation would be compen-
sated with higher methanol yields while providing operational
advantages such as improved slag behaviour and reduction in tar
and soot formation.

4. Conclusions

Entrained flow biomass gasification of alkali impregnated forest
residues shows increased cold gas efficiencies and methanol yields
compared to gasification of non-impregnated feedstock. The
impregnation offers no or small improvements in terms of overall
systems efficiency. Even though alkali impregnation has a small
influence on the process economics, large-scale entrained flow bio-
mass gasification with alkali addition for production of methanol is
economically competitive to other biofuel production routes and,
with government incentives of 45–66 €/MWh, also to fossil gaso-
line with tax. The addition of lignin showed equal benefits, but is
only economically competitive for lignin prices below 25 €/MWh.
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Abstract 
Previous research has shown that alkali addition in entrained flow biomass gasification can lead to 
increased char conversion and decreased tar and soot formation through catalysis, as well as 
improved slag flowability. Additionally, alkali impregnation allows for capture of up to 90% of the 
biomass sulfur in the slag phase. The resultant low-sulfur content syngas can create new possibilities 
for syngas cleaning processes required for biofuel or chemical production. The expensive acid gas 
removal system (e.g. based on the Rectisol technology) can be replaced by a novel syngas cleaning 
system comprised of (i) entrained flow catalytic gasification with in situ sulfur removal, (ii) further 
sulfur removal using a zinc bed, (iii) tar removal using a carbon filter, and (iv) CO2 reduction with 
zeolite membranes. The aim of this study was to assess the techno-economic performance of biofuel 
production (methanol) via gasification of alkali impregnated biomass using the novel gas cleaning 
system, in comparison to Rectisol based syngas cleaning. The trade-offs between increased sulfur 
capture and reduced cold gas efficiency were considered in the techno-economic evaluation through 
the analysis of different cases at different temperature, pressure and impregnation levels. The results 
show that although alkali impregnation requires an additional capital cost, it increases the methanol 
production and allows for selling prices similar to biofuel production from non-impregnated biomass. 
It was concluded that the methanol production using the novel syngas cleaning system is comparable 
to the Rectisol technology in terms of energy efficiency, while showing an economic advantage 
derived from a methanol selling price reduction of 2-6 €/MWh. The results showed a high level of 
robustness to changes related to prices and operation, while the investigated strategies to increase 
the sulfur capture showed no economic advantage. Methanol selling prices could be further reduced 
by choosing low sulfur content feedstocks.  
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Biomass gasification; catalysis; entrained-flow; bio-methanol; techno-economic analysis 
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1 Introduction 
Pressurized entrained flow biomass gasification (EFBG) is a promising large-scale technology for 
producing a high quality syngas for downstream biofuel production [1]. To achieve high carbon 
conversion within relatively short residence times, the PEBG needs to be operated at high 
temperatures. Normally, temperatures higher than 1300°C are required, which can result in soot 
formation [2,3] and ash accumulation [4–6]. Extensive laboratory work has shown that impregnation 
of biomass with alkali previous to PEBG, can give a number of positive effects, including increased 
char gasification rate, improved tar decomposition and decreased tar formation [7–10]. A conceptual 
process for alkali-enhanced PEBG, including catalyst recovery and recycling, has been previously 
proposed [10]. A recent techno-economic study of this concept applied for methanol production 
showed improved gasification efficiency when compared with the non-impregnated biomass 
feedstocks, but it was however not sufficient to entail a distinct economic advantage [11].  

In part 1 of this paper [12], the effects of alkali addition on gasifier slag chemistry, including 
heterogeneous equilibria, slagging and slag composition, were investigated. It was concluded that 
alkali impregnation can change the chemical domain of the PEBG slag phase, from oxide/silicate slags 
to an alkali-carbonate-dominated slag phase. In addition, alkali impregnation can improve slag 
flowability and in situ sulfur capture by means of the formation of alkali sulfides in the carbonate 
melt. At base conditions, i.e. temperature of 1100°C, pressure of 30 bar and 4% Na-based or K-based 
impregnation, a sulfur capture rate of 77% can be obtained. This rate can be further increased to up 
to >90% by: (i) increasing the operation temperature, (ii) decreasing the operation pressure, or (iii) 
increasing the impregnation level.  

A key step in most biofuel synthesis routes from syngas is the removal of sulfur species that would 
otherwise poison or deactivate catalysts [1]. Most biomass feedstocks contain small amounts of 
sulfur (<0.5 wt%), but even such low sulfur levels in syngas are detrimental to the catalysts [1,13]. For 
this reason, biofuel plants must always include an acid gas removal (AGR) unit. The AGR unit 
contributes significantly to the total capital costs of the biofuel plant, and may correspond to 
approximately 20% of the total investment costs [11] (considering a gasification based methanol 
plant using the Rectisol technology as an example). However, when considering the high rates of 
sulfur capture as a result of alkali impregnation shown in part 1 of this paper [12], the expensive AGR 
unit could potentially be replaced by a simpler and cheaper syngas cleaning system, which could 
consequently lead to reductions in the biofuel production costs. A sulfur guard consisting of zinc 
oxide would be sufficient to remove the remaining sulfur compounds from the syngas, while the 
trace amounts of tars, usually also removed in the Rectisol process [14], could be extracted with a 
carbon filter.  

In order to optimise the synthesis, in particular when synthesising methanol, a partial removal of the 
CO2 (more than 95 wt%) is also an advantage. Membrane processes have been singled out as a highly 
promising means for reducing the energy use and costs in industrial gas separations. Between the 
polymeric and zeolite membrane types, the latter has been suggested as the more promising 
technique [15], and has been evaluated for a wide range of gas separations, including CO2 from 
synthesis gas [16–18]. 

Zeolites are microporous alumina-silicates with a well-defined pore structure, that show a high 
chemical and thermal stability. Due to their porous structure, zeolite membranes allows for 
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significantly higher fluxes for gas separation than the commercialised polymeric membranes. For CO2 
separation, fluxes 40 times higher than commercial polymeric membranes have been demonstrated, 
using zeolite membrane [17]. This translates into that 40 times smaller membrane area would 
effectively be needed to perform CO2 separation with zeolite membranes, when compared to 
polymeric membranes. Moreover, the zeolite membrane process has been estimated to be around 
30% less expensive and 20 times more compact [17]. These favourable characteristics motivate 
further investigation of zeolite membranes for syngas CO2 removal. 

The aim of this study was to investigate the potential techno-economic performance of a novel 
syngas cleaning system that could replace the AGR unit in gasification based biofuel production. The 
gas cleaning system under investigation consists of: (i) in situ sulfur removal directly in the gasifier 
(PEBG), (ii) carbon filter, (iii) sulfur guard consisting of zinc oxide, and (iv) zeolite membranes for CO2 
removal. This replacement could potentially reduce the cost for downstream gas cleaning, with 
positive improvements in the economics of biofuel production via PEBG. The specific objectives 
were: (i) select specific gasification conditions and case scenarios based on the results of part 1 of 
this paper [12], (ii) evaluate them in terms of energy efficiency, and (iii) assess their economic 
performance in terms of biofuel production costs. To the best knowledge of the authors, such an 
investigation has not previously been made. 

Methanol was the biofuel of choice in this study as it can be used either as a blend-in component, or 
as a complete substitute for gasoline in internal combustion engines and in modified diesel engines 
[19]. Methanol can also be converted into other biofuels (e.g. DME) and has several applications in 
chemical industries. 

Although the study was performed for Swedish conditions, the results can be applied to other 
countries rich in forest resources by taking into account possible differences in the economic 
assessment. 

2 Material and Methods 
A schematic representation of the process layout of a PEBG-based methanol plants is presented in 
Figure 1 using the traditional AGR unit and in Figure 2 using the new syngas cleaning system 
proposed in this study. 

The opportunity for a reduction in the production cost of biofuels via PEBG was investigated by 
means of a techno-economic assessment. The assessment was performed using a four step 
approach. (1) First, a number of cases with different sulfur capture rates were selected. (2) Next, 
gasification and methanol synthesis process simulations were run for the selected cases. The 
material and energy balances derived from the simulation results were used to (3) calculate energy 
efficiencies and (4) perform the economic assessment. 
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Figure 1: Schematic representation of the methanol plant with an AGR (Rectisol) based syngas cleaning system (reference 
case). 

 
Figure 2: Schematic representation of the methanol plant with the investigated new syngas cleaning system. The purge 
gas is the syngas purged from the methanol synthesis loop to avoid build-up of inerts [11].  

2.1 Cases selected for the techno-economic assessment 
Part 1 [12] considered four different feedstocks relevant for forest based biofuel production: pine 
stemwood, pine forest residues, pine bark and spruce forest residue. Since it was shown that the 
feedstock type had a limited influence on the sulfur capture[12], pine forest residues (PFR) was 
selected for further techno-economic assessment in this study, as it has a relatively high supply 
potential for biofuels production in Nordic countries. In order to accommodate potential differences 
in methanol production costs with different feedstock compositions, a case evaluating impregnated 
pine wood (PW) was also selected. 
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The gasification simulations presented in part 1 [12] showed that alkali impregnation using Na has 
advantages over K, because of the higher volatility of the K species in the range of the relevant 
gasification conditions (T>1200°C), which would limit the potential for sulfur capture. The sulphur 
capture efficiency was consequently shown to be 20-40% higher when Na was used, and Na was 
therefore selected as the alkali catalyst for biomass impregnation in this study. 

A base case scenario was selected with a gasification temperature of 1100°C, a pressure of 30 bar, 
and an Na impregnation level of 4% [12]. Thermodynamically, higher temperature, lower pressure in 
the gasifier and higher alkali concentration in the impregnation liquid lead to an increase in the sulfur 
capture efficiency, as demonstrated in Part 1 [12]. However, these changes also result in an energy 
penalty, in the form of (i) a reduction in the cold gas efficiency with increased temperature and 
impregnation level, or (ii) an increase in electricity consumption when the gasification pressure is 
decreased. In order to evaluate these trade-offs, techno-economic analyses were carried out with a 
number of selected cases, where the gasification temperature and pressure as well as the 
impregnation levels were varied, as follows: 

the gasification temperature was increased from 1100°C to 1300°C, 
the gasification pressure was reduced from 30 bar to 10 bar, and 
the amount of alkali (Na) was doubled to 8% Na. 

A total of seven cases were selected for techno-economic assessment as presented in Table 1. The 
assessment evaluated the economic outcomes in terms of methanol production costs considering (i) 
increased cold gas efficiency due to lower gasification temperature enabled by impregnation, (ii) 
variation in sulfur capture with different gasification operation conditions, (iii) different biomass 
feedstock, and (iii) the replacement of the traditional solvent-based AGR for a novel gas cleaning 
system. 

Table 1: Description of the cases selected for the techno-economic assessment in terms of feedstocks, gasification 
conditions, impregnation level and gas cleaning system used. The case using the Rectisol technology (AGR) for syngas 
cleaning was assumed to be the reference case in this study. PFR: pine forest residues, PW: pine wood. 

Cases Feedstocks Temperature 
[°C] 

Pressure
[bar] Impregnation Gas 

cleaning 

Rectisol (Reference case) PFR 1400(a) 30 - AGR 
(Rectisol) 

Non-impregnated (Non-imp) PFR 1400(a) 30 - New 
Impregnated (Imp) PFR 1100 30 4% Na New 
Low pressure (Low p) PFR 1100 10 4% Na New 
High temperature (High T) PFR 1300 30 4% Na New 
High impregnation (High Imp) PFR 1100 30 8% Na New 
Impregnated pine wood (Imp PW) PW 1100 30 4% Na New 
(a) Temperature value based on pilot scale PEBG experiments [3].  

For all the selected cases, a thermal biomass input of 300 MW of biomass (in terms of higher heating 
value) was used. 

2.2 Process and simulation descriptions 
A combination of different process simulation tools were used: (i) FactSage for the gasification 
process, (ii) OLI electrolyte simulation tool for the modelling of the alkali recirculation, (iii) Matlab for 
the membrane performance simulations and (iv) Aspen Plus for syngas upgrading and methanol 
synthesis. The biomass pre-treatment required for the PEBG was also succinctly described using 
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simple mass and energy balances to give a better understanding of the additional energy 
requirements of impregnation. 

2.2.1 Biomass pre-treatment 
The assumed biomass pre-treatment was based on previous experimental work, described in detail 
by Kirtania et al. [9]. The pre-treatment steps are represented schematically in Figure 3. It was 
assumed that the biomass feedstock was primarily reduced in size through chipping. For the 
impregnated cases, the chips were transferred to tanks where they were mixed and soaked with 
impregnation fluid. The impregnated biomass was dried using a belt drier, and ground to 1.5 mm 
particle size using a hammer mill before being fed to the gasifier. The alkali salts were recovered 
from the gasifier as a concentrated aqueous solution. The alkali recycle loop has been already 
described in part 1 [12]. For the non-impregnated cases only size reduction (chipped and grounded) 
and drying was required. 

 
Figure 3: Simplified schematic representation of the biomass pre-treatment process. For the non-impregnated cases, the 
impregnation step is skipped. 

2.2.2 Gasification 
The considered gasification technology is a pressurized oxygen-blown entrained-flow gasifier, 
developed by Chemrec AB for the purpose of gasifying black liquor. This technology can also be 
applied for alkali impregnated solid biomass as it allows alkali recovery, regeneration and 
reutilization [10]. The gasification process was modelled by the thermochemical equilibrium 
incorporated in ChemSheet [20] using thermodynamic databases and models from the Equilib 
module of FactSage 6.4 calculation engine [21]. A detailed descriptions of the gasification technology 
and the simulation tools can be found in part 1 [12]. 

2.2.3 Zeolite membranes 
The procedure for evaluating the performance of zeolite membrane modules has been described in 
detail in Grahn et al. [22]. A brief description of the main assumptions and modifications is presented 
here and a schematics of the zeolite membrane system is presented in Figure 4. 

The model considered a shell and tube module where several membranes in the form of tubes are 
packed into a cylindrical shell. The syngas is fed to the tube side and the permeate is withdrawn from 
the shell side. The module is further considered to operate isothermally and with plug-flow occurring 
on both the feed and the permeate side of the membrane. The Soave-Redlich-Kwong equation of 
state was used to estimate the fluid properties on the feed side (high pressure), whereas the gas on 
the permeate side (low pressure) was considered as ideal. Pressure drop was accounted for on the 
tube side whereas on the shell side the pressure drop was assumed negligible. The number of tubes 
used was determined by setting the velocity in the tubes to 15 m/s in order to suppress 
concentration polarization. The inner diameter of the tubes was set to 7 mm and the wall (support) 
thickness to 3 mm. Pressure drop over the support was accounted for.  
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Transport through the selective zeolite CHA (Chabazite) layer was assumed to occur via zeolite pores 
as well as via flow through defects. The transport through the defects was assumed to occur via 
activated Knudsen diffusion as described in previous work [22,23] and the defect distribution of flow 
through defects was taken from the work of Korelskiy et al. [17], which is regarded as representative 
of a high quality zeolite membrane. The transport through the CHA zeolite pores was assumed to be 
desorption limited which may occur in thin, high flux membranes as the present membrane [24]. 

The adsorbed loadings in the zeolite were obtained using the Ideal Adsorbed Solution Theory (IAST) 
[25] and single component adsorption data (Langmuir adsorption parameters, saturation loadings 
and heat of adsorption) as input [26]. The desorption rate constants were obtained by fitting the 
model to experimental data. 

 
Figure 4: Schematic representation of the zeolite membrane system. 

2.2.4 Syngas upgrading and methanol synthesis 
The syngas upgrading and bio-methanol synthesis from the hot syngas prior to quenching until the 
production of bio-methanol, was simulated using an Aspen Plus model. A description of the model 
based on the AGR (Rectisol technology) can be found in Carvalho et al. [11]. 

The same model was modified in order to accommodate the changes required for the new syngas 
cleaning system. The acid gas recovery unit, based on the Rectisol technology, was removed and 
substituted by a set of two zeolite membranes for CO2 removal and a compressor, according to the 
specification described in Figure 5. The zeolite membranes were simulated using separator blocks. 
Isentropic compressors were used to simulate the systems compressors, assuming an isentropic 
efficiency of 85%. 
The sulfur bed was included in the model (using a separator block) before the WGS reactor, with the 
aim of removing all the sulfur substances from the syngas (mainly hydrogen sulphide). Before going 
through the sulfur bed, the syngas was heated to a temperature of 200°C using surplus heat from the 
WGS process.  
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Figure 5: Schematic representation of the zeolite membranes systems, for a gasification pressure of (a) 30 bar and (b) 10 
bar with the respective percentage of CO2 removal as well as CO and H2 losses used as input in the methanol synthesis 
model. 

2.2.5 Energy systems of the plant 
The main steps of the methanol production process as well as the material and energy streams are 
presented in Figure 1 and Figure 2 for a system with an AGR (reference case) and new syngas 
cleaning respectively. 

Surplus heat was considered to be converted or used in the form of: 
hot water, at 95°C and 1 bar(a); 
low pressure steam (LPS), at 150°C and 4.5 bar(a); 
medium pressure steam (MPS), at 200°C and 10 bar(a) or  
high pressure steam (HPS), at 250°C and 30 bar(a). 

In the reference case (“Rectisol”), purge gas from the methanol synthesis was combusted in a steam 
boiler, with an assumed efficiency of 95%, to generate HPS. The total steam produced in the plant, 
basically LPS and HPS, was primarily re-distributed inside the methanol plant. HPS was used in the 
WGS process and excess steam was expanded to MPS level to be utilized in the AGR and distillation 
unit. The surplus heat, steam and hot water were used for feedstock pre-treatment, i.e. drying and 
impregnation. In the cases where the available HPS was insufficient to cover the MPS demand, LPS 
(generally in surplus) was compressed to MPS at the expense of consuming additional electricity. 
When the surplus steam was not enough to cover both the plant process steam requirements and 
the feedstock pre-treatment, additional biomass was burned in the steam boiler (together with the 
purge gas) to produce the required additional HPS. If steam was still available, electricity was 
produced in a condensing turbine to a pressure of 0.1 bar(a). The turbine was simulated in Aspen 
Plus assuming an isentropic efficiency of 85% and a generator efficiency of 98%.  

In a methanol plant operated with the new syngas cleaning system, the energy flows were used in a 
very similar manner. The main difference was a reduction in steam demand due to the substitution 
of the AGR system for the new cleaning system. Moreover, additional hot water was also produced 
during cooling of the gas after the condensers in the zeolite membrane system (see Figure 5). 

2.3 Energy efficiency assessment 
The cold gas efficiency (CGE) was used to measure the performance of the gasifier. It is defined as 
the ratio between the energy output from the gasifier (Esyngas) and the energy input to the gasifier 
(Efeedstock), according to Eq. 1. 

CGE = (Esyngas / Efeedstock) x 100 [%]  Eq. 1 

(a) (b) 
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The methanol conversion efficiency (MCE) is defined as the energy efficiency of converting feedstock 
to methanol, according to Eq. 2, 

MCE = (Emethanol / Efeedstock) x 100 [%] Eq. 2 

where Emethanol and Efeedstock are the energy (in MW) of the methanol and biomass feedstocks 
respectively. 

When considering the system boundaries according to Figure 1 and Figure 2, the overall system 
system, included the electricity demand (Eelectricity) in the efficiency calculation, as denoted 

by Eq. 3.  

system = [Emethanol / (Efeedstock + Eelctricity)] x 100 [%] Eq. 3 

2.4 Economic assessment 
The present study considers a greenfield investment in a methanol plant with economic analysis 
performed for an Nth plant. 

The total capital investment was calculated by determining equipment costs and, when applicable, 
installation and indirect costs as well as balance of the plant (BOP). When not provided, an 
installation factor of 1.8 was assumed.  

The zeolite membranes are not at the same level of technical maturity as the other units of the plant 
but rather in an initial developing phase. Similarly, the impregnation process has also a high level of 
uncertainty associated with its installation and process operation. To account for potential 
installation uncertainties or additional contingencies, the equipment costs for these new 
technologies was multiplied by a factor of 2. When not included, BOP was assumed to be 25% of the 
installed equipment costs while indirect costs were assumed to be 40% of the installed equipment 
costs, including BOP. Cost estimates were based on real estimates from commercial suppliers, as well 
as on estimations from the literature as summarised in Table 2.  

Equipment costs were calculated from the base equipment costs by assuming an exponential scaling 
as in Eq. 4. 

C=Cref·(S/Sref)n Eq. 4 

where C is the investment costs and S the scaling size of each unit in question. The subscript (ref) 
refers to the reference unit. A scaling factor n of 0.65 was generally used when no scaling factor was 
given in the literature. The Chemical Engineering Plant Cost Index (CEPCI) was used to escalate the 
cost estimates to the price level of 2015. An exchange rate of 1.10973 €/US$ relative to the year of 
2015 was used for conversion between currencies. 
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Table 2: Scale parameters and reference sources for the investment costs calculations. Specific investment costs for each 
unit of the gasification based methanol plant were supplied from real commercial licensed suppliers/vendors [27]. Due 
to commercial confidentiality, these investment costs cannot be published. To better evaluate the difference between 
the syngas cleaning systems under investigation, the costs for the AGR unit were taken from an open source [28]. 

Equipment Scale parameter Scale 
factor (n) Reference 

Pre-treatment 
Chipping *   Commercial supplier 
Conveyor belt ** Wet feedstock flow 0.77 [29] 
Tank * (a) Tank capacity 0.5 [30] 
Tank agitator * (b) Agitator power 0.42 [30] 
Pump * (c) Flow pump head 0.27 [30] 
Heat exchanger * (d) Heat transfer area 0.5 [30] 
Dryer *  - Commercial supplier 
Milling *  - Commercial supplier 
Feed bin (dual lock hopper) ** (e) Wet feedstock flow 0.77 [29] 
Rotary air lock ** (e) Wet feedstock flow 0.77 [29] 
Water cooled feed screw ** (e) Wet feedstock flow 0.77 [29] 
Green liquor filters *** Green liquor flow 0.65 Commercial supplier 
Standard units of the Methanol plant 
Air supply unit (ASU) O2 flow 0.5 [29] 
Gasification reactor *** (f) Thermal load of individual gasifier 0.65 [27] 
Sour shift (WGS) *** Dry gas flow 0.65 [27] 
Rectisol Syngas flow 0.63 [28] 
Rectisol compressor Work 0,67 [28] 
Methanol synthesis*** Methanol flow 0.65 [27] 
Methanol production distillation *** Methanol flow 0.65 [27] 
Methanol storage *** Methanol flow 0.65 [27] 
Balance of plant (BOP) *** (h) Methanol flow 0.65 [27] 
Flare stack with safety zone Methanol flow 0.65 [27] 
Steam boiler * (i) Boiler capacity 0.75 [30] 
Turbines ** Gross power production 1 [29] 
Compressor * (j) Compressor capacity 0.8 [29] 
Specific equipment required in the novel cleaning technology 
Zinc bed * (k) Vessel´s volume 0.67 [30] 
Carbon filter * Tar content 0.65 Commercial supplier 
Zeolite Membrane * (l) Membrane area - [17] 
* Equipment costs; ** Equipment and installation costs; *** Complete costs 
(a) Equipment pricing data for tanks and storage, using a scaling equation for custom built tanks. Value raised by a material 
factor of 2.4 for a stainless steel tank. 
(b) Equipment pricing data for agitators (turbine). The required agitator power was calculated using an on-line tool (CheCal, 
2015) assuming a "pitched blade" agitator, a ratio between the agitator diameter and the tank diameter of 0.4 and an 
agitation of 4 (in a scale from 1 to 10). 
(c) Equipment pricing data for pumps, assuming a liquid flow of 2000 m3/h and a pump head of 10 m. Value raised by a 
material factor of 1.9 for stainless steel. 
(d) Equipment price data for U-tube heat exchangers, with a total heat exchange area of approximately 1150 W/m2 

(e) Values multiplied by a factor of 0.5 to accommodate the difference in price between a solid biomass and black liquor 
feeding system, see point f). 
(f) The cost of the high pressure feeding system for black liquor as feedstock is included. 
(h) Balance of the plant of the methanol plant only. 
(i) Equipment pricing data for oil and gas fired boilers (large package). Value raised by a pressure factor of 1.11 to deliver 30 
bar steam. 
 (j) Equipment price data for centrifugal compressor multiplied by a material factor of 2.5 for a stainless still compressor. 
(k) Equipment price data for pressure vessels multiplied by a material factor of 2.6 for stainless steel vessel and a pressure 
factor (F) according to F=0.0023P+0.66, where P is the pressure (30 bars). 
(l) Assumed a membrane price of 5300 US$/m2 for both membranes, i.e. twice the cost of a module including membranes. 
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Applied market prices for raw materials and utilities are summarized in Table 3. Expenses for 
maintenance, labour and material (general spare parts) were assumed to be 4% of the investment 
costs. In contrast with the slag containing the impregnated liquid (collected at the bottom of the 
gasifier in the form of an aqueous solution) that is reused within the system, the 
dissolved/suspended slag from the non-impregnated cases is discharged from the system as 
wastewater. This stream will therefore require an additional and specific treatment. Wastewater 
treatment costs were accounted for according to Albrecht et al. [31]. These costs entail a high level 
of uncertainty though, mainly due to the lack of experimental data on slag composition. 

Table 3: Applied market prices for raw materials, utilities and operation costs. 

Raw material/utilities Cost Reference 
Pine forest residues and pine wood 20 €/MWh [27] 
Electricity 30 €/MWh (e) [32,33] 
Na2CO3(Impregnation) 250 €/t [34] 
ZnCO32Zn(OH)2H2O (a) 901 €/t [35] 
Zn (a), (b) 2798 €/t [36] 
Cu (a), (c) 6281 €/t [37] 
Wastewater treatment for green liquor 2.5 €/m3 [31] 

Membrane tubes replacement (d) 1171 €/m2 (every 
two years) [17] 

(a) Assumed an exchange rate of 1.10973 €/US$ (2015). 
(b) The required mass of Zn was calculated based on the H2S concentration in the syngas. 
(c) The required mass of Cu was calculated based on the mass of Zn used. 
(d) Assuming that the costs of the membrane filters are half of the costs of the complete module. This cost was accounted as 
an addition to the maintenance and operation costs, because it is higher than 4% of the total membranes capital costs. 
(e) Assumed to be a realistic value for the electricity price in a near future, based on scenarios from [32,33]. 

A construction time of three years and a plant life time of 20 years were assumed. The economic 
assessment was based on the assumption that the plant is operated for a total of 355 days a year. 
The required methanol selling price (RMSP) for an internal rate of return (IRR) of 10% was 
determined for the selected cases.  

The potential reduction in methanol production costs when replacing the Rectisol technology by the 
new syngas cleaning systems was assessed by calculating the marginal required methanol selling 
price ( RMSPRectisol-New) according to Eq. 5 

RMSPRectisol-New = RMSPRectisol - RMSPNew [€/MWh] Eq. 5 

where the RMSP for the Rectisol case (RMSPRectisol) was subtracted by the RMSP of the other cases 
using the new syngas cleaning system (RMSPNew). 

2.5 Sensitivity analysis 
The sensitivity analysis intended to evaluate the economic robustness of the new cleaning system. 
Parameters that influenced the difference between methanol production costs of the two cleaning 
systems were therefore considered. Accordingly, the parameters that economically influenced all the 
cases equally, e.g. biomass price, were excluded from the analysis. The following parameters were 
considered and independently varied: 

Electricity price: ±30%. 
Investment costs of the biomass impregnation and membrane systems: ±50%. 
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On-stream time: reduced to 85% and 90% for the cases using the new syngas cleaning 
system and the Rectisol respectively (under the assumption that the new system would 
potentially show more operational problems as a novel technology than the system operated 
with the well-known Rectisol technology).  
IRR: +10%. 

As the primary focus of this study was to investigate the potential RMSP reduction by replacing the 
Rectisol unit, rather than the absolute values of the RMSP, the results of the sensitivity analysis were 
presented in a marginal basis, i.e. in terms of RMSPRectisol-New according to Eq. 5. 

3 Results and Discussions 
3.1 Energy balances 
Table 4 presents the resulting energy balances for all the analysed cases, in terms of energy flows 
crossing the system boundary as well as the total electricity balance. For all the cases, the methanol 
plant was self-sufficient in terms of steam and no additional biomass for heat production was 
required. Given the lower heat demand for the pre-treatment (less heat for biomass drying), the non-
impregnated cases had a higher steam surplus than the impregnated cases and could therefore 
produce more electricity. 

Table 4: Energy flows crossing the systems boundaries in MW, according to Error! Reference source not found.. 
[MW]  \  Cases Rectisol Non-imp Imp Low P High T High imp Imp PW 

Feedstock input 300 300 300 300 300 300 300 
MeOH production 202 201 208 212 203 206 208 
Electricity demand 28 28 28 35 28 28 27 

Internal Electricity 
production 7 10 0 1 1 0 0 

3.1.1 Systems efficiency 
The process and system efficiencies are presented in Figure 6; the cold gas efficiency (CGE) and the 
methanol conversion efficiency (MCE) are shown in Figure 6(a) while the overall system efficiency is 
shown in Figure 6(b). 

 
Figure 6: Process and system efficiencies; (a) cold gas efficiency (CGE) and methanol conversion efficiency (MCE), (b) 
overall system efficiency. 
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The results show that biomass impregnation enabled a decrease in the gasification temperature from 
1400°C to 1100°C, which led to an increase in the CGE of 4 percentage points (p.p.). No significant 
reductions in the CGE were observed when the pressure was reduced or when the alkali amount was 
doubled. 

The MCE results show equal values for the two cleaning systems (“Rectisol” case vs. “Non-imp” case), 
meaning that the two systems behaved rather similarly in terms of CO and H2 losses within the 
methanol synthesis process. It can also be noted that the MCE varied in a similar manner as the CGE 
for the analysed cases; increasing by 2 p.p. with impregnation (“Non-imp” case vs. “Imp” case), 
decreasing with increased gasification temperature (“Imp” case vs. “High T” case), and not being 
influenced by the type of feedstock (“Imp” case vs. “Imp PW” case). However, due to fewer losses in 
the zeolite membranes when operated at low pressure (see Figure 5), the MCE increased by 1 p.p. 
when compared with the impregnated base case (“Imp” case vs. “Low P” case).  

From an overall systems perspective, all the systems yielded very similar efficiencies where the 
variations did not exceed 2 p.p. The small differences between the cases are mainly due to the 
balance between the methanol production and the electricity consumption/production (see Table 4). 
The cases with 4% Na impregnation (“Imp” and “Imp PW”) were the most efficient cases. Despite 
producing less electricity, the increased methanol production (as a result of the catalytic effect of the 
added alkali) in the impregnated cases yielded a small advantage over the non-impregnated cases. 
The drop in the overall system´s efficiency of the “Low P” case is mainly a result of the high electricity 
demand that is required to run the methanol synthesis compressor, which in this particular case 
needs to compress the gas from 7 to 90 bar(a). In regard to the “High imp” case, the drop in overall 
system efficiency in comparison to the “Imp” case was a result of the increased thermal ballast due 
to the higher alkali addition. The relatively low efficiency observed by the case “High T” is mainly due 
to the low methanol production (see Table 4), as a result of the low CGE. 

3.2 Economic analysis 
3.2.1 Capital and operation costs 
Figure 7 presents the capital (CAPEX, left axis) and operational costs (OPEX, right axis) for the 
selected cases. To better illustrate the differences among the cases, the capital costs are subdivided 
in specific costs for biomass-pre-treatment and syngas cleaning. 

In terms of capital costs, the results show a total difference of approximately 65 M€ between the 
non-impregnated reference case and the new syngas cleaning system (“Rectisol” case vs “Non-imp” 
case). When compared to the impregnated cases, the difference in investment costs drops to 30-
40 M€, due to the higher costs associated with biomass pre-treatment (“Rectisol” case vs“Imp”, “Low 
p”, “High T”,” High imp” and “Imp PW” cases). 

Very similar operation costs (OPEX) were observed for all the selected cases. Small variations in the 
order of 1-4 M€/year were observed between the cases as a result of differences in maintenance and 
operation costs (including electricity). 
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Figure 7: Capital (CAPEX) and operation (OPEX) costs. The CAPEX has been divided into methanol plant cost and pre-
treatment cost.  

3.2.2 Required methanol selling price (RMSP) 
The required methanol selling prices (RMSP) are presented in Figure 8 on the left axis, for an IRR of 
10% and with the cost breakdown in terms of (i) capital, (ii) biomass, (iii) electricity, and (iv) 
operation and maintenance (O&M). The 10% return on the investment was included in the capital. 
The raw materials (except biomass) and utilities costs were included in the O&M. No taxes were 
added to the final prices. Rectisol-New) is presented 
on the right axis of Figure 8. Rectisol-New corresponds to higher 
reductions in the RMSP when compared to the reference case (i.e. “Rectisol”).  

It is clear that the most important parameters influencing the methanol price are the biomass and 
the capital costs. As the biomass input and thus the total feedstock costs were the same for all cases, 
the driving force for the difference in RMSP was the capital investment costs, i.e. CAPEX had a much 
stronger influence on the RMSP than the OPEX.  

As expected, when substituting the expensive Rectisol unit by the new syngas cleaning system the 
RMSPRetisol-New which ranges between 2 and 

6 €/MWh. 
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Figure 8: Required methanol selling price and cost breakdown for an IRR of 10% (stacked bar plot, left axis). The 
differences in the RMSP between the “Rectisol” and the other cases are presented on the right axis (black markers). 

When considering the cases with the new syngas cleaning system, the difference in absolute 
investment costs were very small (see Figure 7), and mainly caused by the difference in biomass pre-
treatment costs. The difference in investment costs consequently became in practice insignificant 
when considered per MWh of methanol, as can be seen in Figure 8. The increased capital cost due to 
impregnation was compensated by an increase in methanol production, as a result of the alkali 
addition. These results are also in agreement with earlier findings [11].The small differences in terms 
of electricity and O&M costs among the cases were therefore important in order to evaluate the 
influence of the different gasification operation conditions and feedstocks on the RMSP.  

RMSPRetisol-New, between 4 and 6 €/MWh, were observed in the non-impregnated as well 
as in the impregnated PFR and PW cases (i.e. cases “Non-imp”, “Imp” and “Imp PW”). The relatively 
low RMSP observed in the non-impregnated case might, however, not be totally realistic given the 
problems related with tar and soot formation that were not accounted for in economic terms in this 
study. Considering the operational benefits, such as improved slag flowability and lower gasification 
process temperature, the impregnated cases will most probably be a better choice. 

Pine wood (case “Imp PW”) was found to have an advantage over the pine forest residues (case 
“Imp”), due to the lower sulfur concentration in PW compared to in PFR, leading to reduced OPEX in 
the sulfur capture systems. The relatively high price difference ( RMSPRetisol-New) observed also for the 
“Low P” case (4 €/MWh) can be explained by the high methanol conversion efficiency due to the 
small losses in the zeolite membranes (in terms of CO and H2) as can be seen in Figure 5. The “High T” 
and “High imp” cases showed the lowest RMSPRetisol-New of just over 2 €/MWh, which was a result of 
a combination of lower methanol conversion efficiencies and higher capital investment costs when 
compared with the base impregnated case (“Imp”).  
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3.2.3 Sensitivity analysis 

The robustness of the RMSP when the new syngas cleaning system replaced the Rectisol was 
evaluated through a sensitivity analysis, where four selected parameters (electricity price, 
investment costs for impregnation and membrane systems, on-steam time and IRR) were varied. The 
results are presented in Figure 9 in terms of Retisol-New. The “base case” in Figure 9 corresponds 
to the actual Retisol-New (presented in the right axis of Figure 8) and the other points correspond 

Retisol-New when the respective selected parameters are varied for each specific case. It is 
important to point out that, Retisol-New approaches values closer to zero, the economic 
benefit of replacing the Rectisol technology for the new syngas cleaning system becomes smaller. 

 
Figure 9: Difference in the required methanol selling price between the “Rectisol” RMSP), with 
variations in investment costs for impregnation and zeolite membranes, electricity price, on-steam time and IRR. 

An increase in the IRR from 10% to 20% was found to lead to an increase in the RMSPs for all the 
systems. However, as a result of the higher capital investment costs of the “Rectisol” case, the 
increase in RMSP was more pronounced on the “Rectisol” case than on the cases using the new 

Retisol-New is increased in 2.5 to 4 €/MWh in comparison 
to the “base case”. 

Variations in the electricity price of ± 30% had a relatively low impact of up to ± 0.5 €/MWh in the 
RMSPRetisol-New when compared to the “base case”. The highest impact was unsurprisingly observed 

for the case that required the highest amount of electricity input (i.e. the “Low P” case).  

A reduction of the on-stream time to 85% (corresponding to 302 d/y) for the cases operated with the 
new syngas cleaning system and to 90% (320 d/year) for the “Rectisol” case, would result in a general 

RMSPRetisol-New drop of approximately 2 €/MWh from the “base case”. As a result, the “High T” and 
“High Imp” cases would show RMSPs very similar to the “Rectisol” case (i.e. RMSPRetisol-New . 
Nonetheless, the other cases, “Non-Imp”, “Imp”, “Low P” and “Imp PW”, would still show an 
economic advantage over the “Rectisol” case of 2-3 €/MWh.  

An increase in the investment costs for impregnation and zeolites membranes of +50% had an impact 
on the RMSPs of 1-3%. With such an increase, the RMSPRetisol-New would become 0-4 €/MWh. The 
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new syngas cleaning system would still have an economic advantage over the “Rectisol” case, for the 
“Imp”, “Low p” and “Imp PW” cases. To lose the economic advantage over the “Rectisol” case, the 
costs for impregnation and zeolite membranes for the “Imp” and “Imp PW” cases would need to 
increase by 100% and 120%, respectively. 

Based on these results, a reduction in the RMSP of 2-4 €/MWh can be expected if the Rectisol is 
replaced by the new syngas cleaning system for biofuel production based on gasification of 
impregnated FPR or PW. The cases “High T” and “High imp” would have a relatively small margin to 
accommodate potential price increases or operational problems, and should therefore be avoided. 
Supposing that a higher IRR would be applied, the RMSPRetisol-New would increase even further, e.g. 
for an IRR of 20%, the RMSPRetisol-New would reach 8 and 10 €/MWh for the “Imp” and “Imp PW” 
cases respectively. 

4 Conclusions 
This study evaluated opportunities to reduce production costs of methanol via biomass gasification, 
by replacing the expensive acid gas removal unit (based on the Rectisol technology) with a cheaper 
combination of systems. The new syngas cleaning comprised (i) sulfur removal via sulfur absorption 
in the slag and a zinc bed, (ii) tar removal with the help of a carbon filter, and (iii) CO2 reduction with 
zeolite membranes. Moreover, a number of cases were analysed with different gasification operation 
conditions, impregnation levels and feedstocks. 

The present study supports earlier findings on cold gas and methanol conversion efficiency 
improvements caused by alkali impregnation. In addition to the operation benefits verified 
experimentally by other authors (i.e. tar and soot reduction and increased slag followability) bio-
methanol production via gasification of alkali impregnated biomass has been shown to exhibit 
comparable required methanol selling prices to those of non-impregnated biomass. The additional 
capital investment costs, as a result of the alkali impregnation, are compensated with increased 
methanol production. 

It was concluded that the new gas cleaning system has economic advantages over the established yet 
costly Rectisol technology used for CO2 and sulfur removal. For an IRR of 10%, the replacement of the 
Rectisol resulted in a reduction of 2-6 €/MWh in the required methanol selling price. Furthermore, in 
terms of overall energy efficiency the two syngas cleaning systems were found to be comparable. A 
strong level of robustness in terms of required methanol selling price was found for cases using both 
impregnated pine wood and impregnated pine forest residues. It was shown that the impregnated 
cases were able to accommodate a number of potential price variations or operational disturbances, 
and would still show economic advantages over the Rectisol reference case with a margin of 2-
4 €/MWh. The strategies tested to increase the sulfur capture in the gasifier (double alkali 
impregnation, higher gasification temperature, lower gasification pressure), showed no economic 
advantage, despite the improved sulfur capture in the slag. Nonetheless, the required methanol price 
could be further reduced by using low sulfur feedstocks, due to reduced operational costs of the 
sulfur capture equipment. 

It can thus be concluded that biomass impregnation allows for the introduction of a new syngas 
cleaning system with economic benefits on the biofuel production costs.  
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Abstract 
Entrained flow gasification of black liquor combined with downstream-gas-derived synthesis of 
biofuels in Kraft pulp mills has shown advantages regarding energy efficiency and economic 
performance when compared to combustion in a recovery boiler. To further increase the operation 
flexibility and the profitability of the biofuel plant while at the same time increase biofuel production, 
black liquor can be co-gasified with a secondary feedstock (blend-in feedstock). This work has 
evaluated the prospects of producing biofuels via co-gasification of black liquor and different blend-
in feedstocks (crude glycerol, fermentation residues, pyrolysis liquids) at different blend ratios. 
Process modelling tools were used, in combination with techno-economic assessment methods. Two 
methanol grades, crude and grade AA methanol, were investigated. The results showed that the co-
gasification concepts resulted in significant increases in methanol production volumes, as well as in 
improved conversion efficiencies, when compared with black liquor gasification; 5-11 and 4-10 
percentage point in terms of cold gas efficiency and methanol conversion efficiency, respectively. 
The economic analysis showed that required methanol selling prices ranging from 55-101 €/MWh for 
crude methanol and 58-104 €/MWh for grade AA methanol were obtained for an IRR of 15%. Blend-
in led to positive economies-of-scale effects and subsequently decreased required methanol selling 
prices, in particular for low cost blend-in feedstocks (prices below approximately 20 €/MWh). The co-
gasification concepts showed economic competitiveness to other biofuel production routes. When 
compared with fossil fuels, the resulting crude methanol selling prices were above maritime gas oil 
prices. Nonetheless, for fossil derived methanol prices higher than 80 €/MWh, crude methanol from 
co-gasification could be an economically competitive option. Grade AA methanol could also compete 
with taxed gasoline. Crude glycerol turned out as the most attractive blend-in feedstock, from an 
economic perspective. When mixed with black liquor in a ratio of 50/50, grade AA methanol could 
even be cost competitive with untaxed gasoline. 

Keywords: Bio-methanol, Gasification; Black liquor, Pyrolysis liquid; Crude glycerol, Fermentation 
residues. 
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Abbreviations: 

PM: Pulp mill 
BL: Black liquor 
GL: Green liquor 
PL: Pyrolysis liquid 
CG: Crude glycerol 
FR: Fermentation residues 
CGE: Cold gas efficiency 
MCE: Methanol conversion efficiency 
SFHHV: Sulphur free high heating value 
PG: Purge gas 
LPS: Low pressure steam 
MPS: Medium pressure steam 
IPS: Intermediate pressure steam 
WGS: Water gas shift 
AGR: Acid gas removal 
MSY: Methanol synthesis 
IRR: Internal rate of return 
MRSP: Methanol required selling price 
IGCC: Integrated gasification combined cycle 

1. Introduction 
Biofuels produced via thermochemical conversion technologies can potentially offer alternatives to 
fossil fuels in the transportation sector. Favourable conditions for biofuels production can be created 
at Kraft pulp mills (PMs), due to, amongst other things, the already available feedstock in form of 
wood residues and black liquor (BL) [1]. Gasification of the BL with downstream synthesis to biofuels 
can potentially replace the recovery boiler in a pulp mill [2,3]. When using a pressurized, entrained-
flow, BL-gasification technology developed by Chemrec AB [4], the pulping chemicals are returned to 
the PM in a similar manner to that of using a recovery boiler, i.e. in the form of green liquor collected 
from the bottom of the gasifier. BL is a good feedstock for gasification, mainly due to the catalytic 
effect of its alkali metals [5] that enables full carbon conversion at relatively low temperatures 
(1000–1050°C) and at residence times of order of seconds [6–8]. Entrained-flow BL gasification is a 
well proven technology that has been successfully demonstrated for 28,000 h at a 3MWth pilot plant 
in Piteå, Sweden [9], of which more than 8,000 h with downstream biofuel production [10]. In 
addition, BL gasification with downstream-gas synthesis of biofuels shows better energy and 
economic performance compared to combustion of BL in a recovery boiler [1,4,11]. 

The BL supply is however determined by the pulp production, which limits the production of 
synthesis gas. Additionally, BL is an energy-poor fuel and is not transportable in practice. One 
possible way of increasing the operation flexibility and the motor fuel production capacity is to blend 
BL with a secondary feedstock (blend-in feedstocks) and co-gasify the blend. To obtain techno-
economic benefits, energy rich and low-cost blend-in feedstocks should be used. In this study, three 
different blend-in feedstocks that could meet these criteria were considered. 
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The first considered blend-in feedstock was crude glycerol, which is a by-product of biodiesel 
production, with a production of approximately 1 kg for each 10 kg of biodiesel produced. Crude 
glycerol is mainly used in different industrial applications after an expensive cleaning and refining 
process to remove impurities. The rise in biodiesel production capacity has led to a market saturation 
of glycerol with reductions in the crude glycerol price and consequently affecting negatively the 
biodiesel economy [12–14]. As a result, there is a need to find alternative and profitable applications 
for crude glycerol from the biodiesel industry, as highlighted in previous studies [12,13,15]. 

The second blend-in feedstock was fermentation residues (FR) from lignocellulosic ethanol 
production. The composition of FR can vary significantly depending on feedstock and process type as 
well as with process conditions [16–18]. Nonetheless, FR contains a significant part of the original 
biomass energy, mainly in the form of lignin. Sannigrahi and Ragauskas [18] analysed FR from ethanol 
production using four common biomass feedstocks and the lignin content varied between 50 to 80% 
dry weight. The same authors also presented results in terms of heating values which were 
comparable with those of wooden fuels. FR are commonly used for heat and power generation to 
drive the plant [16,19]. With increasing commercial bioethanol production via lignocellulose biomass, 
and in particular for the plants that generate substantially more FR than necessary to power the 
operation, it is of interest to find new ways to effectively utilize the lignin-rich FR.  

The third considered feedstock was pyrolysis liquid (PL), which can be produced through fast 
pyrolysis [20] from various types of biomass namely wood, forest residues or other low grade 
biomass. Liquefaction of biomass is often desirable in places where biomass feedstocks are cheap 
and abundant to reduce its volume and increase the energy density, which makes it more convenient 
to transport and store than bulky fresh biomass.  

The utilization of these fuels as gasification feedstocks mixed with BL for biofuel production in kraft 
PMs has the potential to boost the bioenergy market in two fronts: (1) improving the flexibility of the 
biofuel plant while increasing the biofuel production and (2) bringing economic benefits to the 
biodiesel, lignocellulosic ethanol or pyrolysis plants. 

Previous research has shown that in well-designed mixing processes, BL can be blended with PL [21], 
CG [22] and FR, while maintaining the high reactivity. Furusjö el al. [23] have shown that sulphite 
thick liquor with approximately half the alkali salts content of that in industrial BL, presents no 
significant decrease in reactivity when compared to BL. Consequently, it can be assumed that the 
reactivity of BL will not be affected with up to 50% on mass basis of blend-in feedstock addition. 

Co-gasification of BL with PL was successfully accomplished in lab [24–26] as well as pilot scale [9]. 
These experiments showed an increase in process efficiency with blending, without affecting the 
process performance for mixtures of up to 40% on weight basis [24–26]. Andersson et al. [27,28] 
concluded that BL-PL co-gasification is a technically and economically attractive route for methanol 
production. In one of their studies [27], the authors assumed the economic evaluation based on the 
first plant estimate with no investment credit for the recovery boiler and with a methanol product 
value volumetrically equivalent to that of conventional ethanol. The authors showed that co-
gasification is an attractive investment opportunity for PL prices below 70 €/MWh. In another study 
[28], the authors made an economic analysis for different blend ratios of BL and PL based on the Nth 
plant approach. A co-gasification-based methanol plant was integrated with PMs of different 
capacities. Assuming a PL price of 42 €/MWh, the authors concluded that co-gasification with the 
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addition of 20-50% PL gave the lowest production costs for small PMs, while for larger PMs the cost 
of the added amount of PL reduced the positive economy-of-scale effects compared to pure BL 
gasification, rendering the co-gasification less economically competitive. 

Given the need to find alternative applications for the by-products generated in biodiesel industries 
and lignocellulosic ethanol plants, synergies can be created through the utilization of crude glycerol 
and fermentation residues as blend-in feedstocks in co-gasification based biofuel plants. The 
potential techno-economic benefits of using crude glycerol or fermentation residues as gasification 
blend-in feedstocks for the synthesis of biofuels have not been previously investigated. Despite the 
already existing techno-economic studies using the co-gasification concept with pyrolysis liquid as 
the blend-in feedstock [27,28], these studies did not consider the requisite of adding small amounts 
of NaOH to the mix for high blending ratios in order to avoid lignin precipitation [21]. This aspect was 
however considered in this study, as further explained in section 2.2.1.  

The present work aimed at investigating the techno-economic feasibility of producing biofuels from 
an expanded raw material base in a gasification based system integrated with a PM. The biofuel is 
produced via co-gasification of BL with additional feedstocks as a means to (i) increase biofuel 
production and (ii) decrease biofuel production costs. Bio-methanol was the biofuel of choice in this 
study given its wide applications as a fuel, fuel additive, energy storage and feedstock for production 
of other chemicals [29]. Furthermore, methanol production via synthesis gas from biomass is a well-
known process, since it is similar to coal based methanol [29]. In addition to common grade AA 
methanol, crude methanol produced by omitting the last distillation step, was analysed given its 
suitability as a marine diesel fuel [30,31]. The potential gains in terms of energy efficiency and 
profitability of producing crude instead of grade AA methanol was therefore also evaluated. Specific 
objectives of this study were to (i) study the effect on the cold gas efficiency and methanol 
conversion efficiency of adding blend-in feedstocks; (ii) investigate the influence of different blend-
ratios of PL, CG and FR on the overall marginal system efficiency; (iii) evaluate the economic 
performance for the production of two methanol grades (crude and grade AA methanol); and (iv) 
analyse the competitiveness of the two methanol quality grades as transportation fuels. 

2. Methods 
Material and energy balances for the evaluated cases were obtained using different simulation tools 
(SIMGAS, Aspen Plus). From the resulting balances, the techno-economic analysis was done by 
applying a differential or marginal basis, i.e. by comparing a greenfield stand-alone PM with a 
greenfield PM integrated with a methanol plant. Figure 1 schematically illustrates the main 
differences between a stand-alone and an integrated PM in terms of material and energy flows. The 
resulting material and energy balances were used to evaluate the systems’ energy efficiencies and 
economic performance. All blending ratios are expressed on mass basis. 
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Figure 1: Schematic representation of the stand-alone (a) and integrated pulp mills (b). BL: black liquor, GL: green liquor; 
PG: purge gas; PL: pyrolysis liquid; CG: crude glycerol and FR: fermentation residues. 

2.1. Pulp Mill (PM) 
A generic state-of-the-art PM, described in detail in Berglin et al. [32], was selected to simulate the 
process. The production capacity of the PM is 700 kADt of kraft softwood pulp per year. Key 
operation data of the PM are summarized in Table 1. 

In the reference operation (stand-alone PM), the BL is combusted in the recovery boiler to 
simultaneously recover the pulping chemicals (smelt) and generate steam. The falling bark is 
primarily used as fuel in the lime kiln and the surplus is combusted in the power boiler. High-pressure 
steam from the power and recovery boilers is used to produce process steam and electricity in back-
pressure and condensing turbines. Enough electricity is generated to cover the PM´s needs and a 
surplus of 72 MWel is sold to the grid.  

Table 1: Energy balance data for the generic state-of-the-art kraft pulp mill (PM) [32]. 
Black liquor (BL) [t/d]db 3334 
Total production of High Pressure Steam (HPS) @505°C and 101 bar(a) [t/h] 612 
HPS from recovery boiler [t/h] 565 
HPS from power boiler [t/h] 47 
Total process steam demand [t/h] 416 
Low pressure steam (LPS) @150°C and 4.5 bar(a) [t/h] 243 
Medium pressure steam (MPS) @199°C and 10 bar(a) [t/h] 103 
Intermediate pressure steam (IPS) @213°C and 13.5 bar(a) [t/h] 70 
Total production of electricity [MW] 131 
Electricity demand of the PM [MW] 59 
Electricity surplus [MW] 72 
Total available bark [MW] 87 
Bark used in lime-kiln [MW] 34 
Bark used in power boiler [MW] 53 

2.2. Gasification feedstocks 
The total BL available (i.e. 3334 t/d in dry mass basis) was blended with either PL, CG or FR prior to 
gasification. The elemental compositions as well as heating values of the feedstocks are presented in 
Table 2. 
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Table 2: Elemental composition and heating values of the feedstocks. 

  Black liquor (BL) Pyrolysis liquid (PL) (a) Crude glycerol 
(CG) (b) 

Fermentation 
residues (FR) (c) 

Dry solids [wt%] 80 75 99.4 80 (d) 

Elemental composition [wt%] dry basis 
C 33.5 61.3 48.0 56.8 
H 3.7 5.6 9.4 5.7 
S 5.1 0.0 0.0 0.0 
O 35.5 33.1 37.5 35.0 

Na 20.6 0.0 0.0 0.0 
K 1.1 0.0 5.1 1.5 
Cl 0.3 0.0 0.0 0.0 
N 0.1 0.0 0.0 1.0 

Heating values [MJ/kg] 

HHV 13.2 23.2 23.7 24.2 
LHV 12.5 22.1 21.8 23.0 

(a) Data from Btg-Btl [33]. 
(b) Data from Kirtania et al. [22]. 
(c) Data for fermentation residues from converting red maple to bioethanol, according to Sannigrahi and Ragauskas [18]. 
(d) Assumed to be equal to the total solids of BL before feeding. 

2.2.1. Blending of BL with other renewable feedstocks 
BL and the blend-in-feedstocks must be well mixed and fed into the gasifier to ensure a good contact 
with the alkali and to avoid the need for modifications in (i) the burner nozzle design, (ii) the 
operation of the existing gasifier feeding system and (iii) gasification operation temperatures [9]. 

Bach-Oller et al. [26] investigated the fuel conversion characteristics of BL and PL mixtures and 
reported the formation of lignin precipitate when PL is mixed with BL at fractions higher than 
approximately 25%, which could cause feeding problems in commercial plants. However, according 
to Furusjö and Pettersson [21], BL could be mixed with up to 50% of PL by adding small amounts of 
NaOH, which will increase the pH of the mixture and avoid lignin precipitation. The same authors 
concluded that NaOH addition has a small negative effect on gasification efficiency which is 
nonetheless outweighed by the substantial increase in overall gasification efficiency with increasing 
PL fractions. Kirtania et al. [34] reported that BL mixed well with CG up to a blend ratio of 50/50. 
Regarding lignin-rich FR, laboratory experiments carried out at Luleå University of Technology with a 
blend ratio of 80/20 have shown that only a small fraction of the FR was dissolved in BL, resulting in a 
slurry with undissolved lignin agglomerates. In the present study it was therefore assumed that to 
obtain a homogeneous mix of BL and FR, alkali must be added to the mixture in an amount 
corresponding to the alkali addition used for pulping, which in that case leads to a dissolved lignin 
fraction in BL. This assumption has not been verified experimentally but the analogy with the well-
established pulping process makes it reasonable to assume that this alkali addition will lead to a 
dissolved lignin fraction from FR. 

2.2.2. Cases description 
As explained in section 1, it was assumed that the catalytic activity of BL can be maintained when 
mixed with blend-in feedstocks up to a mass ratio of 50/50. Two blend ratios of BL and blend-in-fuels 
(PL, CG or FR) were considered:  
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 Low level, corresponding to a final blend ratio of the total available BL to the blend-in 
feedstock of 80/20 (by mass); 

 High level, corresponding to a final blend ratio of 50/50 (by mass) of BL to either PL or CG. 
For the PL cases, a small amount of NaOH was added to avoid lignin precipitation according 
to Furusjö and Pettersson [21]. However, knowing that the BL/FR blend required significantly 
higher volumes of NaOH to account for lignin dissolution, the high level of BL/FR was set to 
65/35. This level was chosen to be consistent with the NaOH requirements of the 50/50 
blend ratio using PL. 

In order to evaluate the techno-economic influence of the addition of a blend-in feedstock, a case 
considering the available BL only was also analysed. The considered cases and respective mass flows 
of feedstocks are presented in Table 3. 

Table 3: Mass flow of BL and blend-in feedstocks for the different cases. 

Cases Mass flow [ton/d] in wet basis Blend ratio 
BL PL CG FR NaOH (BL/blend-in feedstock) 

BL+20%PL 4167 1042 0 0 0 80/20 
BL+50%PL 4167 4167 0 0 492 50/50 (a) 

BL+20%CG 4167 0 1042 0 0 80/20 
BL+50%CG 4167 0 4167 0 0 50/50 

BL+20%FR 4167 0 0 1042 208 80/20 (a) 
BL+35%FR 4167 0 0 2244 449 65/35 (a) 

BL 4167 0 0 0   100/0 
(a)Approximate blend ratio without considering the NaOH. 
BL: black liquor; PL: pyrolysis liquid; CG: crude glycerol and FR: fermentation residues. 

A factor of large uncertainty in this concept is the potential availability of blend-in feedstocks, in 
particular crude glycerol and fermentation residues as they are intimately related to the biodiesel 
and lignocellulosic ethanol production, respectively. In the present study, the future availability of 
crude glycerol or fermentation residues was neither considered nor estimated. However, as can be 
seen in Table 3, large amounts of blend-in feedstocks would be required (370-1480 ktons/year of 
crude glycerol and 370-797 ktons/year of fermentation residues). Therefore, this concept might only 
be possible to realize in small-sized PMs. 

2.3. Systems layout and modelling 
The integration of the methanol plant does not affect the pulp production. However, the chemical 
recovery cycle as well as the energy supply process must be modified accordingly.  

Material and energy balances for the evaluated cases were obtained using different simulation tools. 
The process-steam demand of the integrated PM was covered by (i) surplus heat from the methanol 
plant and (ii) high pressure steam from combustion of falling bark and, when necessary, fuel biomass 
in the power boiler. The resulting balances were in turn used to evaluate the systems’ energy 
efficiency and economic performance. 

2.3.1. Gasification 
The considered gasification technology was a pressurized, oxygen-blown, entrained-flow gasifier, 
developed by Chemrec AB for the purpose of gasifying BL [4] and thus substituting or complementing 
the recovery boiler in kraft PMs. The gasifier consists of a refractory lined, oxygen-blown, entrained-
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down-flow gasification reactor. The hot syngas leaves the gasifier from the bottom and is cooled with 
several nozzles spraying condensate and water in the quench zone. Inorganic smelt  and entrained 
particles containing alkali salts fall into a quench pool. The raw syngas exits the quench and is cooled 
further in a counter-current condenser that condenses the water vapour and other condensable 
species that may still be present, acting as an efficient particle scrubber [35]. A more detailed 
description of the gasification technology can be found in [8,36,37]. 

The gasification simulations were carried out using the SIMGAS thermodynamic equilibrium model 
which has been developed to simulate BL gasification and validated using pilot plant experiments 
[38]. The model is based on a global equilibrium approach that calculates equilibrium compositions 
of product gas and smelt (molten inorganic phase, which mainly constitutes spent pulping chemicals, 
since they make up the major part of the fuel inorganic fraction), based on reactor inputs and Gibbs 
energy minimization. Since the methane concentration is determined by kinetic factors it cannot be 
predicted by an equilibrium model. Pilot scale experiments of BL [39,40] and BL with pyrolysis liquid 
[9] are the best experimental representation of a commercial process. Those experiments have 
shown a methane concentration of approximately 1%. Hence a constant methane concentration of 
1% was assumed in the simulations for all the cases. 

The gasification unit was assumed to be a multi-train arrangement with a maximum capacity of 200 
MW for each individual gasifier operated at a fixed temperature of 1050°C [27] for all the cases. An 
additional redundant gasifier was presumed to avoid interruptions in the chemical recovery process 
for the BL gasification and 80/20 blends. For the high-blend cases, i.e. 50/50 and 65/35 blends, the 
redundant gasifier was excluded and a temporary reduction in the added blend-in-fuel volume was 
assumed to be able to process all BL during process disturbances. 

2.3.2. Syngas upgrading and methanol synthesis 
An Aspen Plus process model of the methanol plant was developed to simulate the downstream 
syngas upgrading and bio-methanol synthesis from the hot syngas prior to quenching, until and 
including the production of either crude or grade AA methanol.  

A schematic representation of the different units of the methanol plant is presented in Figure 2. 

The raw syngas was cooled to a temperature of 40°C in the counter-current condenser, while 
recovering heat for steam generation. After that, approximately half of the raw syngas entered the 
water gas shift (WGS) unit in order to adjust the ratio between H2 and CO. To maximise the 
performance of the methanol synthesis the (H2-CO2)/(CO+CO2) ratio in the sweet syngas should be 
close to 2. Here, a ratio of 1.95 was used. The adjustment of the ratio was made by adding 
intermediate pressure steam (IPS) according to Eq. 1. 

CO + H2O  CO2 + H2 ΔH°=-41.1 kJ/mol [29] Eq. 1 

The other half of the raw syngas was by-passed and the two streams were mixed again after the WGS 
unit forming the shifted syngas. The WGS was simulated using an equilibrium reactor. IPS, LPS (low 
pressure steam) and hot water were available through desaturation of the shifted syngas. 
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Figure 2: Schematic representation of the methanol plant´s units and flows. PL: Pyrolysis liquid; CG: crude glycerol and 
FR: fermentation residues. 

Sulphur species must be removed from the syngas upstream the methanol synthesis reactor to avoid 
catalyst poisoning and deactivation [41]. A partial removal of the CO2 is also an advantage from a 
methanol-synthesis-optimization point of view. The modelling of this process was based on the 
Rectisol system [42] which was assumed to remove H2S and CO2 down to concentrations of below 
0.1 ppm and approximately 3%vol respectively. The methanol synthesis can be described by the 
reactions in Eqs 2 and 3: 

CO + 2H2  CH3OH ΔH°=-90.8 kJ/mol [29] Eq. 2 

CO2 + 3H2  CH3OH + H2O ΔH°=-49.8 kJ/mol [29] Eq. 3 

In the present study, the sweet syngas was compressed to a pressure of 90 bar(a) and the 
temperature before entering the synthesis reactor was 225°C. The methanol synthesis was simulated 
using an equilibrium reactor with a temperature approach of 30°C to simulate small deviations from 
equilibrium and reproduce experimental data. To boost the overall conversion, the unconverted 
gases were separated from the raw methanol stream through condensation in a two-stage process, 
and then recycled back to the reactor with a purge to limit the build-up of inerts (methane and 
nitrogen). As the synthesis reactions are strongly exothermic, the released heat was recovered in the 
form of IPS and hot water. The water present in crude methanol (approximately 5% in mass basis) 
was removed by distillation in the product distillation unit (PDU), leading to grade AA methanol with 
purity greater than 99.85 wt%. In order to save energy in the distillation, one of the distillation 
columns is pressurized in order to allow the condenser heat to be recovered and used in another 
column reboiler. This leads to the use of medium pressure steam (MPS) in the PDU process. 
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More information on the model can be found in the supplementary material (S1). 

2.3.3. Pulp mill integration with a gasification based methanol plant 
The total steam produced in the methanol plant, basically LPS and IPS, was primarily distributed 
inside the plant between the requiring units. IPS was used in the water gas shift (WGS) unit and 
excess steam was expanded to MPS level to be utilized in the acid recovery (AGR) and product 
distillation units (PDU). The surplus steam from the methanol plant was used to partly cover the 
process steam demands of the PM. The purge gas (PG) was sent to the PM to be burned in the lime 
kiln and reduce the amount of falling bark used in the recovery process. The remaining falling bark 
was burned in the power boiler. If necessary, additional fuel biomass was burned together with the 
bark to cover the PM steam demand. The high pressure steam (HPS) generated in the power boiler 
went to a back-pressure turbine to be converted into electricity and lower pressure steam levels (IPS, 
MPS and LPS) according to the PM demands (presented in Table 1) and methanol plant. The back-
pressure turbine was simulated in Aspen Plus using isentropic efficiencies of 89%, 85% and 71% for 
the turbines generating IPS, MPS and LPS respectively. The generator efficiency was assumed to be 
98%. If the electricity generated in the back-pressure turbine was not enough to cover the power 
needs of the PM and methanol plant, extra electricity was purchased from the grid. 

The mass and energy-flows integration between the biofuel plant and the PM was based on the 
results from a WinGens model adapted for pure BL gasification. 

2.4. Process and systems efficiency 
The efficiencies were calculated using feedstocks and syngas sulphur-free higher heating values 
(SFHHV) due to the fact that sulphur is either recovered in the smelt or removed in reduced form 
from the syngas in the acid gas recovery [4]. It must be noted that feedstock stands for both pure BL 
and BL mixed with the specific blend-in feedstock. 

The cold gas efficiency (CGE) was used to measure the performance of the gasifier. It is defined as 
the ratio between the energy output from the gasifier (Esyngas) and the energy input to the gasifier 
(Efeedtstock) with the energy terms in MW, according to Eq. 4. 

CGE = Esyngas / Efeedstock x 100 [%]  Eq. 4 

The methanol conversion efficiency (MCE) is defined as the energy efficiency of converting feedstock 
to methanol. It was calculated according to Eq. 5 

MCE = Emethanol / Efeedstock x 100 [%] Eq. 5 

where E is the energy in MW of the input and output streams to/from the methanol plant, 
represented with the subscript feedstock and methanol respectively.  

To isolate the effect of adding a blend-in feedstock in both CGE and MCE, the marginal efficiencies 
were calculated according to Eqs. 6 and 7 

Marginal CGE = (EBL_mix - EPure_BL)sygas / (EBL_mix - EPure_BL)feedstocks x 100 [%] Eq. 6 

Marginal MCE = (EBL_mix - EPure_BL)methanol / (EBL_mix - EPure_BL)feedstock x 100 [%] Eq. 7 

where the energy of the flows feedstock, syngas and methanol from pure BL gasification (subscript 
Pure_BL) were subtracted from the respective energy flows from co-gasification of BL with blend-in 
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feedstocks (subscript BL_mix). Since the amount of BL is equal for all the cases, the marginal 
efficiencies represent the actual conversion efficiencies of the blend-in feedstocks into syngas (Eq. 6) 
or methanol (Eq. 7) using the BL gasification as a baseline, i.e. without BL but still being influenced by 
the alkali content of BL. 

The marginal overall system efficiency, Δη, is a measure of the potential improvements the stand-
alone PM could achieve by integrating it with a methanol plant. It was calculated according to Eq. 8. 

Δη = (ΔEpulp + ΔEmethanol) / (ΔEpulp wood + ΔEfuel biomass + ΔEblend-in feedstock + ΔEelectricity) Eq. 8 

Here, the energy flows (in MW) that crossed the system boundaries in the integrated PM were 
compared to the corresponding flows in a stand-alone PM. The systems boundaries are represented 
with dashed lines in Figure 1. The pulp wood and pulp production parameters, respectively Epulp wood 
and Epulp, were equal in both stand-alone and integrated PMs, and therefore both ΔEpulp and 
ΔEpulp wood were equal to zero. The blend-in feedstocks (PL, CG or FR) were assumed to be delivered to 
the gate. The parameter ΔEelectricity takes into account the loss in electricity production due to the 
integration, corresponding to the sum of the actual electricity requirement of the integrated PM and 
the excess electricity sold to the grid in the stand-alone PM. 

The methanol plant produced a considerable amount of hot water at 95°C that can potentially be 
used in district heating systems. Since the hot water produced in the stand-alone PM was not 
considered in the systems analysis of the present study, the excess hot water from the methanol 
plant was also excluded from the marginal overall energy system efficiency calculation and from the 
economic evaluation. 

Efficiency calculation using electricity equivalents is a suitable indicator when comparing systems 
with mixed energy carriers, in order to acknowledge the differences in energy quality. Therefore, the 
same marginal overall system efficiency, Δη, was calculated by converting the energy carriers to their 
electricity equivalents according to the efficiency of the best available technologies known to the 
authors, as presented in Table 4. 

To make the systems more comparable and account for primary energy requirements, the marginal 
overall energy efficiency was also calculated with the electricity converted into biomass, i.e. the 
biomass required to produce the same amount of electricity. An efficiency of 46.5% was used, 
assuming the integrated gasification combined cycle (IGCC) to be the best available technology to 
convert biomass into electricity [43], as presented in Table 4. 

Table 4: Assumed power generation efficiencies used for the calculation of the electricity equivalents. 

Energy carrier Power generation efficiency [%] Reference 
Biomass feedstock 46.2 [43] 

Methanol 55.9 [43] 

Pyrolysis liquid (PL) 50.0 [27,28] 

Crude glycerol (CG) 50.0 Assumed the same as for PL 
Fermentation residues (FR) 50.0 Assumed the same as for PL 
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2.5. Economic Evaluation 
The present study considered a greenfield investment in a new PM with the design specifications 
defined in Table 1. The economic assessment was based on a differential analysis using the 
difference between the capital and running costs of the units required in the integrated and stand-
alone PMs. Units common to both systems (e.g. debarking, digestion, bleaching, etc.) will cancel out 
and were therefore excluded from the analysis. 

The economic analyses were performed for an Nth plant. The total capital investments were 
calculated by determining equipment costs and when applicable, installation and indirect costs as 
well as the balance of the plant (BOP). Cost estimates were based on real estimates from commercial 
process suppliers as well as on estimations from the literature, as summarised in Table 5.  

Table 5: Scale parameters and reference sources for the investment costs calculation. Specific investment costs for each 
unit of the gasification based methanol plant was supplied from real commercial licensed suppliers/vendors [28]. Due to 
commercial confidentiality, these investment costs cannot be published. 

Unit Scale parameter Scale 
Factor (n) 

Reference 

Stand-alone kraft pulp mill 
Recovery boilers and turbines *** Pulp production 0.65 [28] 
Power boiler ** Fuel input 0.7 [44] 
White liquor plant *** (a) Pulp production 0.65 [28] 
Pulp mill integrated with a methanol plant 
Air supply unit (ASU) *** O2 flow 0.5 [45] 
Gasification reactor *** Thermal load of individual gasifier 0.65 [28] 
Water gas shift (WGS) *** Dry gas flow 0.65 [28] 
Acid gas removal (AGR) *** CO2 flow 0.65 [28] 
Acid gas enrichment (AGE) *** Pulp mill size 0.65 [28] 
Methanol synthesis (MSY) *** Methanol flow 0.65 [28] 
Methanol production distillation (MPD) *** Methanol flow 0.65 [28] 
White liquor adsorption (WLA) *** Pulp mill size 0.65 [28] 
Methanol storage *** Methanol flow 0.65 [28] 
Thermal oxidizer *** Feedstock flow 0.65 [28] 
Flare stack with safety zone *** Methanol flow 0.65 [28] 
Balance of plant (BOP) Methanol flow 0.65 [28] 
White liquor plant *** Pulp production 0.65 [28] 
Back pressure turbine ** Gross power production 0.6 [44] 
Condensing turbine ** Gross power production 0.6 [44] 
Compressor * Compressor capacity 0.8 [45] 
Mixing tank * (b) Tank capacity 0.5 [46] 
Tank agitator * (c) Agitator power 0.77 [46] 
Heat exchanger * (d) Heat exchanger area 0,5 [46] 
When not included in the price estimations, an installation factor of 1.8 was used. BOP was assumed to be 25% of the total 
installed equipment. Indirect costs were assumed to be 40% of the sum of the installed equipment costs including BOP. 
* Equipment costs; ** Installed costs; *** Complete costs. 
(a) Equal cost as for the white liquor plant for an integrated PM (with BL gasification) but reduced by 35% to account for the 
reduction in causticising needs. 
 (b) Equipment pricing data for tanks and storage, using a scaling equation for custom built tanks. Value raised by a material 
factor of 2.4 for a stainless steel tank. 
(c) Equipment pricing data for agitators (turbine). The required agitator power was calculated using an on-line tool 
“CheCalc”[47] assuming a "pitched blade" agitator, a ratio between the agitator diameter and the tank diameter of 0.4 and 
an agitation of 7 (in a scale from 1 to 10). Value raised by a speed factor of 1.08*HP0.095 (HP for horse power). 
(d) Equipment price data for U-tube heat exchangers. 
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Equipment costs were calculated from the base equipment costs by assuming equipment scaling 
exponents as in Eq. 9 

C=Cref·(S/Sref)n Eq. 9 

where C is the investment cost and S the scaling size of each unit in question. The subscript (ref) 
refers to the reference units. A scaling factor n of 0.65 was generally used when no specific factor 
was given in the literature [28]. The Chemical Engineering Plant Cost Index (CEPCI) was used to 
escalate the cost estimates to the price level of 2015. When required, an exchange rate of 
1.10973 €/US$ was used for conversion between currencies. A construction time of three years and a 
plant lifetime of 20 years were assumed. The economic assessment was based on the assumption 
that the plant will operate for a total of a 355 days a year. 

Prices for the different commodities as well as for operation and maintenance are listed in Table 6.  

Table 6: Prices for commodities and operation costs. 

Energy carrier Costs Reference 
Biomass feedstock [€/MWh] 20 [28] 

Pyrolysis liquid (PL [€/MWh] 42 [28] 

Crude glycerol (CG) [€/MWh] 16 [48] 

Fermentation residues (FR) [€/MWh] 20 Assumed (b) 
Electricity [€/MWh] 57 [28] 
NaOH [€/ton] 385 [28] 
Operation and maintenance (O&M) (a) [M€/year] 4% of the differential investment costs [28] 

(a) Includes salaries and general spare parts. 
(b) Assumed the same price as for biomass. 

Although the study was performed for Swedish conditions, the results can be applied to other 
countries with kraft pulp mills within Scandinavia or Europe, by taking into account possible 
differences in the economic assessment. 

2.5.1. Competitiveness of methanol as a transportation fuel 
The evaluation of the economic competitiveness of the produced methanol was based on the 
calculation of the required methanol selling price (MRSP) for an internal rate of return (IRR) of 15%. 
An IRR of 15% was chosen in this study instead of the most commonly 10% used in the major IRR-
based techno-economic analysis (e.g. [49–52]) in order to give a higher margin to the annual return 
on the investment. 

The resulting prices were compared between the different cases as well as to current prices for fossil 
fuels, and to the production costs of other biofuels. The MRSPs for crude methanol were compared 
with marine gas oil (MGO) [53], which is the most common marine fuel in use, as well as with fossil 
methanol [54] and FAME biodiesel [55]. Grade AA MRSPs were compared with EU gasoline [56] and 
cellulosic ethanol [57]. The selection of the price intervals of the fossil fuels is presented as 
supplementary material (S2). 
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2.5.2. Sensitivity analysis 
Sensitivity analysis was done by varying the parameters considered the most relevant in terms of 
economic influence and/or known uncertainty, in order to evaluate their impact on the required 
methanol selling price. The following parameters were varied (independently): 

 PL, CG and FR price: ±30%. 
 Market price for biomass: ±30%. 
 Electricity price: ±30%. 
 Investment costs of the methanol plant: ±30%. 
 Operation availability: reduced to 85%. 
 IRR: ±5%. 

3. Results and Discussion 
Simulation results from integrating a methanol production plant in the PM were used to calculate 
mass and energy balances required to (i) determine energy efficiencies, (ii) size the required 
equipment, and (iii) estimate equipment costs. 

3.1. Energy balances 
Depending on the studied case and end product (crude or grade AA methanol), different plant energy 
balances were obtained. The energy balances for the studied cases are presented in Figure 3 (a) for 
crude methanol and (b) for grade AA methanol production. 

Blending a fixed amount of BL with a blend-in feedstock with a higher heating value increased 
considerably the total energy input to the methanol plant. For blending ratios of 80/20 on mass 
basis, the increase in energy input in terms of SFHHV was 47-53%, while a 50/50 blend resulted in 
approximately three times higher energy input than for pure BL. Grade AA methanol production 
increased from 340 kt/year in the gasification case to 530-610 kt/year and 810-1,400 kt/year, for the 
co-gasification cases with low and high blending ratios, respectively. Similar mass flows of crude 
methanol were obtained, but with an addition corresponding to its water content (approximately 5% 
in weight basis). Compared to pure BL gasification, the methanol production increased by 56-78% for 
the 80/20 blend ratios, and up to 300% for the higher blending ratios. 

The integration of the methanol production plant in the PM resulted in a significant decrease in the 
internal electricity generation compared to the stand-alone PM. As a result, the integrated PM would 
need to purchase electricity from the grid, and, for most of the cases, also additional fuel biomass to 
cover the steam demands (see Figure 3). When comparing the production of grade AA methanol to 
that of crude, the electricity demand decreased for the low blend ratios as well as for the 35/65 FR 
case. This is due to higher steam mass flows expanded in the back pressure turbine. Conversely, for 
the 50/50 blend cases the extra electricity produced in condensing turbines for the crude methanol 
cases leads to an increased electricity demand when instead producing grade AA methanol. 
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Figure 3: Energy flows for (a) crude methanol and (b) grade AA methanol production. Note that blending ratios in the 
legend (+20 to +50%) are shown on mass basis, as presented in Table 3. BL: black liquor; PL: pyrolysis liquid, CG: crude 
glycerol and FR: fermentation residues. 

Figure 4 schematically presents the different streams exchanged between the methanol plant and 
the PM. 

The steam demand of the PM is supported by (i) surplus heat from the methanol plant, (ii) HPS from 
burning falling bark and when necessary (iii) HPS from burning additional fuel biomass. Purge gas 
from the methanol plant can replace 33% of the lime kiln fuel for the pure BL case, 50% for the low 
blending rate cases and 100% for the high blending rate cases. As a consequence, the amount of bark 
available for HPS production in the power boiler increased with increasing blending ratios. 
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Figure 4: Schematic flowsheet of the energy process for (a) crude methanol and (b) grade AA methanol production. Solid 
lines correspond to flows common to all the feedstocks, dotted lines correspond to the flows for the low blend cases and 
dashed lines correspond to the high blend cases. * Except for the case “BL+50%PL”. BL: black liquor; GL: green liquor and 
PG: purge gas. 

For most of the cases producing crude methanol, the methanol plant was found to be self-sufficient 
in terms of process steam and could thus supply LPS and IPS to the PM. For the high blend ratios, 
excess LPS was compressed to MPS and together with HPS produced from burning the bark surplus, 
no purchase of additional biomass feedstock was required to maintain the PM steam balance. In fact, 
for the high blending cases, the PM could still produce electricity via a condensing turbine (2-
29 MWel), even without the recovery boiler. Additional fuel biomass was however required to fulfil 
the steam demands of the PM for the low blend cases (33-47 MW) as illustrated in Figure 4 (a). 
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The additional MPS demand to distil crude methanol to grade AA led to a MPS deficit in the methanol 
plant. Additional fuel biomass was therefore required in most of the cases. The only exception was 
the case where 50% PL was blended in. Similarly to crude methanol production, the excess LPS 
available for the high blend ratios producing grade AA methanol, was compressed to MPS. As no 
excess steam was available when producing grade AA methanol, no condensing turbine was required 
and electricity was produced only via the back-pressure turbine. 

3.2. Energy efficiencies 

3.2.1. Process efficiency 
The cold gas efficiency (CGE) and methanol conversion efficiency (MCE) are presented in Figure 5 (a) 
and (b) respectively. The corresponding marginal efficiencies are also shown. 

  
Figure 5: (a) Cold gas efficiency (CGE) for the different cases and marginal CGE for the blend cases; (b) methanol 
conversion efficiency (MCE) and marginal MCE. 

The co-gasification processes showed 5 to 11 percentage points (p.p.) higher CGE than pure BL 
gasification. An increase in CGE was also observed with increasing blending ratios, primarily due to 
the reduced thermal ballast of the BL inorganics [9]. The largest efficiency increase was noted for the 
CG-blending cases, mainly because NaOH addition was not required. The methanol production 
efficiency (from feedstock to methanol) was increased in the range of 4 to 10 p.p. with blending. 

The marginal efficiency is a measure of the actual gasification conversion and methanol conversion 
efficiencies of the blend-in feedstocks, when enhanced by the catalytic effect of the alkali in the BL. 
By mixing with BL, the marginal efficiencies of the secondary feedstocks were higher than the 
corresponding efficiencies of the feedstock blends. Despite showing the highest heating value of the 
considered blend-in feedstocks, FR showed the lowest marginal efficiency, which was a result of the 
NaOH addition required for both blending rates. Similarly, the decrease in marginal efficiency in the 
case with 50% PL was caused by the added thermal ballast resulting from the NaOH required to avoid 
lignin precipitation. 
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3.2.2. Overall energy efficiency 
The marginal overall energy efficiencies are presented in Figure 6. The results are presented in terms 
of (i) energy flows; (ii) energy flows converted into electricity equivalents, and (iii) energy flows 
assuming that electricity is produced from biomass based IGCC.  

 
Figure 6: Marginal overall system efficiencies using energy terms, electricity equivalents and assuming electricity 
production from biomass for (a) crude methanol (left) and (b) grade AA methanol production (right). 

The different energy efficiency measures applied, obviously led to different efficiency values. 
Although the results may seem contradictory, they show different aspects of the efficiency 
improvements of integrating a methanol plant, and of adding blend-in fuels with different blend 
ratios. 

When using the electricity equivalents (orange squares in Figure 6), the marginal overall efficiency 
increased with increasing blending ratios. The exceptions were the high-blend cases producing crude 
methanol, where the marginal overall efficiency decreased or remained the same in comparison to 
the corresponding low-blend case.  

When instead using energy flows in conventional power units (MW) (red circles), pure BL gasification 
resulted in the highest marginal overall energy efficiency. In contrast to the CGE and MCE, the 
marginal overall energy efficiency decreased with increasing blend ratios. This may seem 
contradictory, but it highlights the strong efficiency gain as a result of the integration alone, i.e. using 
BL as feedstock for methanol production via gasification (efficiency of approximately 60%) instead of 
BL combustion to produce steam and generate electricity (efficiency below 40%). The efficiency gain 
was also a result of transferring a part of the steam produced in the methanol plant (40-60% in terms 
of mass flow) to the PM. The co-gasification cases, despite having a higher methanol production, 
showed a lower energy gain than the pure BL gasification case, which was partly due to increased 
operational energy demands.  

When finally assuming electricity generation from biomass (green triangles in Figure 6), the systems’ 
performance was more comparable in terms of primary energy requirements. As a result, the 
marginal overall energy efficiencies show a different trend which in turn is very similar to the one 
using electricity equivalents, i.e. an efficiency increase with increasing blending ratios, with the 
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exception for the high-blend cases producing crude methanol. The reason for this exceptional 
behaviour becomes clear now; the systems with high blend ratios produced an unnecessary amount 
of excess steam, which was used to produce electricity in condensing turbines with low efficiency. 
These results show that the system could be optimized from an energy perspective by reducing the 
amount of blend-in feedstock to an optimum level by assuring (i) no excess steam production and (ii) 
no additional fuel biomass.  

3.3. Economic evaluation 
The economic analysis provided an assessment of the total capital requirements as well as the 
competitiveness of bio-methanol as a transportation fuel. 

3.3.1. Capital requirement 
The capital costs of integrating a methanol plant in a PM (marginal capital costs compared to the 
stand-alone PM) are presented in Figure 7.  

 
Figure 7: Marginal investment cost for (a) crude methanol and (b) grade AA methanol production. 

The marginal capital costs increased with increasing blend ratios. The cost of the distillation unit 
constitutes the main difference in the capital costs between producing crude and grade AA methanol 
and corresponds to an increase of 5-6% in the specific investment costs of the methanol plant. 

3.3.2. Required methanol selling price (RMSP) 
The break-down of the crude and grade AA RMSPs for an IRR of 15% is presented in Figure 8 and 9. 
The individual elements considered are: (i) capital costs, (ii) blend-in feedstock costs, (iii) biomass 
feedstock costs, (iv) electricity costs, and (v) operation and maintenance (O&M) costs. No taxes were 
added to the final methanol price. The 15% rate of return on the investment was included in the 
capital cost, while the NaOH cost was included in the blend-in feedstocks. 

Despite the increase in the absolute investment costs with increasing blending rates (Figure 7), the 
capital costs per MWh of methanol decreased with blending, as a result of the increased plant size 
(energy input) and methanol yield that was a results of the improved methanol production efficiency. 
For the highest blending ratios, the reduced redundancy requirements (as described in section 2.3.1) 
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were also an influencing factor. The electricity costs per MWh of methanol were also considerably 
reduced with increasing blending ratios. 

 
Figure 8: Required crude methanol selling price and comparison with price intervals of marine gas oil (MGO) [53] and 
fossil derived methanol [54] as well as production costs of FAME biodiesel [55]. 

 

Figure 9: Required grade AA methanol selling price and comparison with production costs of cellulosic ethanol [57] as 
well as gasoline in the EU with and without taxes [56]. 

The results show an economic advantage to the co-gasification pathways for both methanol grades, 
in the sense that the RMSP decreased with increasing feedstock blend-in ratios, due to increased 
economies-of-scale effects. The strongest decrease in the RMSP was observed when BL was blended 
with CG, which led to a price decrease of 17-34%. The exceptions were the cases with PL, which led 
to an increase in the range of 4-26% of the RMSP when compared to the unblended case. The reason 
for its poor economic performance was the PL price, which is higher than CG or FR.  
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The present results confirm earlier findings [e.g. 24] regarding the positive economic impacts of 
economies of scale on the MRSPs. The results for the PL cases are also in agreement with the findings 
of Andersson et al. [28], where the authors concluded that for large pulp mill sizes, as it is the case of 
the present study, the cost for the added amount of PL would offset the positive scale-effects when 
compared to pure BL gasification. The same authors, however, reported MRSPs 10-20% lower than 
the ones calculated in this study. This deviation can be explained with differences in the energy 
systems of the stand-alone PMs used in each study. The high blend case in particular was also 
influenced by the NaOH requirements, which were not included in the study from Andersson et al. 
[28]. 

3.3.3. Competitiveness of bio-methanol 
Figure 8 also includes current market prices for MGO and fossil methanol. As can be seen, the 
resulting RMSPs for crude methanol produced via co-gasification of BL with blend-in feedstocks 
cannot compete with MGO prices (30-37 €/MWh). Regarding prices for fossil-derived-methanol, they 
have been changing considerably in the past months (45-85 €/MWh, value valid for Europe). As a 
result, crude methanol from co-gasification could potentially compete with fossil methanol if (i) 
fossil-derived methanol prices are in the higher level of the price interval and (ii) crude glycerol or 
fermentation residues are used as blend-in feedstocks. 

The RMSPs for grade AA methanol were compared with EU gasoline price ranges with as well as 
without added taxes. As presented in Figure 9, the RMSPs for methanol produced via the high blend 
CG-BL co-gasification route can compete with untaxed prices of gasoline in some of the EU countries. 
For all the analysed cases, RMSP is lower than or within the price range for taxed gasoline. As a 
result, governmental incentives in the form of tax exemption or monetary incentives could make 
methanol from both BL gasification and co-gasification cases, competitive with fossil transport fuels. 

However, since the main purposes of producing biofuels are to reduce fossil fuel dependency and 
reduce greenhouse gas emissions associated with fossil fuel use, it can be argued that it is more 
appropriate to make comparisons between production costs of different biofuels with similar 
greenhouse gas reduction potential. According to a report from IRENA [55] production costs for 
FAME biodiesel are in the range of 83-166 €/MWh which are above the require crude methanol price 
for most cases. According to an European Commission report on costs of biofuels [57], the 
production costs for cellulosic ethanol ranges between 90 and 110 €/MWh which is also higher that 
the required grade AA methanol selling price. These results show that methanol production via co-
gasification of BL can result in biofuel required selling prices similar to or even lower than other 
existing biofuels technologies. 

The difference in RMSP between the crude and grade AA methanol ranges between 12-15% and 3-
6% for the low and high blending ratios respectively. For the present scenario of low fossil fuel prices 
for maritime fuels, crude methanol might not be economically benefited. Therefore, despite the 
price difference, grade AA methanol might have an advantage over crude methanol production due 
to its higher flexibility as a fuel and greater applicability options. 

3.3.4. Sensitivity analysis 
A sensitivity analysis of the effect of important parameters on the RMSP for grade AA methanol is 
presented in Figure 10. Very similar trends were obtained when crude methanol was the desired end 
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product. A common trend to all the cases was a visible decrease in the influence of the varying 
parameters on the required methanol prices with increasing blending ratios. 

The highest impact was observed when changing the investment costs of the methanol plant by 
± 30%. Pure BL gasification was the most affected case by a methanol price variation of 
approximately ±22% and reaching down to ±12-18% for the co-gasification cases. The impact of 
changing the return of investment by ±5% had a significant influence on the RMSP in the order of ±7-
14% for all cases. When decreasing the availability of the plant to 85%, which corresponds to 302 d/y 
instead of 355 d/y, an overall increase of the RMSP by about 4-6% was observed.  

Changing the electricity price by ±30% had a significant impact on all cases, in particular on the 
gasification of unblended BL for a change of approximately ±11% and ±5-9% for the blended cases. It 
can be argued that the electricity price assumed in the present study is not realistic for a near-future 
perspective in the sense that electricity prices might have the tendency to decrease. The RMSPs 
corresponding to an electricity price of 40 €/MWh, i.e. 54-99 €/MWh, are thus probably more 
realistic.  

Variations in the fuel biomass prices of ±30% had a relatively low impact for all cases (below ±6%). 
The effect of changing the price of blend-in feedstocks was proportional to the initial price of the 
fuels, i.e. higher for PL, followed by FR and CG. For this particular parameter, the influence increased 
with increasing blending ratios. Increasing the percentage of differential investment costs 
corresponding to the operation and maintenance costs from 4% to 6%, influenced the RMSP in about 
5-10%.  

It can be emphasised that even for the worst performing scenarios, the resulting required selling 
methanol prices would still fall within the EU price range of taxed gasoline.  
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Figure 10: Required grade AA methanol selling price for an IRR of 15% for the base case (black lines) with respective 
variations in investment costs of the methanol plant, operation availability, operation and maintenance (O&M), IRR as 
well as electricity, fuel biomass and blend-in feedstocks market prices. 
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4. Conclusions 
This study evaluated the techno-economic potentials of producing two different methanol grades in 
a pulp mill integrated with a gasification-based methanol plant. Black liquor blended with either 
pyrolysis liquid, crude glycerol or fermentation residues in different blend ratios were used as 
gasification feedstocks. 

In conclusion, co-gasification of black liquor with blend-in feedstocks showed advantages over pure 
black liquor gasification in terms of cold gas and methanol production efficiencies as a result of the 
catalytic effect of black liquor. Blend-in was also shown to lead to positive economies-of-scale 
effects, which would in turn result in decreased methanol production costs. This effect was 
particularly pronounced for low cost blend-in feedstocks (i.e. with prices below approximately 
20 €/MWh, as was the case for crude glycerol and fermentation residues), where increasing blend-in 
ratios lead to further decreasing production costs.  

Regarding the marginal overall energy efficiency, different efficiency evaluation methods were used 
to reveal different aspects of the potential efficiency improvements with the implementation of the 
concepts analysed. The conversion from black liquor combustion in a recovery boiler to the 
integration of a gasification based biofuel production would cause a significant overall efficiency gain. 
This increase is mainly due to the (i) high efficiency of producing biofuels from gasified black liquor 
and (ii) using excess steam in the pulp mill’s processes when compared to producing heat and 
electricity via combustion. The energy efficiency could be further increased by blending, up to a 
blend-in ratio level where no excess steam is produced and no additional fuel biomass is required. 

Finally, it was concluded that bio-methanol production via co-gasification can provide a cost-
competitive option to other biofuel production routes. Regarding competitiveness with fossil fuels, 
untaxed bio-methanol produced via co-gasification of black liquor and crude glycerol in a ratio of 
50/50 could compete with untaxed gasoline (at current EU gasoline prices). This implies that this 
route could come to provide a highly attractive biofuel production pathway for fossil transport fuel 
substitution, also with taxes added to biofuels. When compared to taxed gasoline, which reflects the 
current market situation with tax reductions for biofuels, all analysed options showed 
competitiveness. When instead considering bio-methanol as marine fuel, the production costs of all 
studied cases were significantly higher than the current MGO (marine gas oil) market prices, but 
comparable to or, in a few cases, even lower than the fossil methanol market prices. Lastly, despite 
the price difference between the two methanol grades (3-15%), the greater applicability options 
favour grade AA over crude methanol production. 
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Supplementary Material 
 

S1. Aspen Plus model for syngas upgrading  

A simplified representation of the Aspen Plus model developed to upgrade the syngas to crude or 
grade AA methanol is illustrated in Figure S1 as a complement to the description already supplied in 
the main text. The WGS and MSY units were therefore simplified (Hierarchy blocks). 

The syngas (SG) exits the gasifier reactor (data from the SIMGAS model) at a temperature of 1050°C 
and at a pressure of 31 bar(a). In the quench, 70% of the COS reacts with the condensate water 
forming CO2 and H2S. A small amount of the CO2 (approximately 10%, data supplied by the SIMGAS 
model) was removed from the syngas in the quench. The simulation of the counter-current column 
was done in a two-stage process. The temperature of the syngas was first reduced to 140°C and then 
40°C. The condensed water was separated from the syngas and the heat was recovered in the form 
of LPS and hot water. A pressure drop of 1 bar was assumed during syngas cooling process. The 
condensate water was recirculated and used in the quench process. A pressure drop of 7 and 2 bars 
was assumed during the WGS and AGR processes respectively. In the MSY, the mixture of crude 
methanol and water leaves the methanol reactor at a pressure of 84.5 bar(a). At the exit of the two-
stage separation process, the crude methanol has a temperature and pressure of 35°C and 4 bar(a) 
respectively. The purified grade AA methanol left the system at a temperature of 48°C and a pressure 
of 5 bar(a). 

The feed and cold waters (BFW and CH) were assumed to be at temperatures of 117°C and 50°C 
respectively. When steam was consumed, it was heated up to the feed water temperature level 
within the system to assure a close feed water loop. 
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S2. Fossil fuels price interval 

Given the high volatility of fossil fuel prices, the period of September 2016 to August 2017 was used 
to obtain a price interval in the following way: 

 Gasoline (with and without taxes), interval ranging between the lowest and highest average 
prices observed among the EU countries. The VAT was excluded from the taxed gasoline 
prices. 

 MGO, interval ranging between the lowest and highest prices. 
 Fossil methanol, interval ranging between the lowest and the highest monthly average 

prices. 
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