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“Roads? Where we’re going we don’t need roads.”  
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Abstract 

The replacement of fossil resources through renewable alternatives is one way 
to mitigate global climate change. Biomass is the only renewable source of carbon 
available for replacing oil as a refining feedstock. Therefore, it needs to be utilized 
not just as a fuel but for both biochemical and thermochemical conversion through 
biorefining. Optimizing and combining various conversion processes using a 
system perspective to maximize the valorization, biomass usage, and 
environmental benefits is of importance. This thesis work has evaluated the 
integration opportunities for various thermochemical conversion processes within 
a biorefinery system. 

The aim for all evaluated concepts were syngas production through gasification 
or reforming. Two potential residue streams from an existing biorefinery were 
evaluated as gasification feedstocks, thereby combining biochemical and 
thermochemical conversion. Torrefaction as a biomass pretreatment for 
gasification end-use was evaluated based on improved feedstock characteristics, 
process benefits, and integration aspects. A system concept, “Bio2Fuels”, was 
suggested and evaluated for low-temperature slow pyrolysis as a way to achieve 
simultaneous biomass refinement and transport driven CO2 negativity.  

Syngas was identified as a very suitable intermediate producr for residue 
streams from biochemical conversion. Resulting syngas composition and quality 
showed hydrolysis residue as suitable gasification feedstock, providing some 
adjustments in the feedstock preparation. Gasification combined with torrefaction 
pretreatment demonstrated reduced syngas tar content. The co-gasification of 
biogas and wood in a FBG was successfully demonstrated with increased syngas 
H2/CO ratio compared to wood gasification, however high temperatures 
(≥1000°C) were required for efficient CH4 conversion. The demonstrated 
improved feedstock characteristics for torrefied biomass may facilitate 
gasification of biomass residue feedstocks in a biorefinery. Also, integration of a 
torrefaction unit on-site at the biorefinery or off-site with other industries could 
make use of excess low-value heat for the drying step with improved overall 
thermal efficiency. The Bio2Fuels concept provides a new application for slow 
pyrolysis. The experimental evaluation demonstrated significant hydrogen and 
carbon separation, and no significant volatilization of ash-forming elements (S 
and Cl excluded)  in low-temperature (<400°C) pyrolysis. The initial reforming 
test showed high syngas CH4 content, indicating the need for catalytic reforming. 
The collective results from the present work indicate that the application of 
thermochemical conversion processes into a biorefinery system, making use of by-
products from biochemical conversion and biomass residues as feedstocks, has 
significant potential for energy integration, increased product output, and climate 
change mitigation. 
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Sammanfattning 

Användning av alternativa, förnybara energikällor istället för fossila bränslen 
är ett sätt att motverka globala klimatförändringar. Biomassa (biobränsle) är 
dessutom det enda förnyelsebara råmaterialet som innehåller kol, och därmed kan 
substituera petroleumprodukter som råvara för framställning av drivmedel och 
kemikalier. Det tycks därför lämpligt att använda biomassan som råvara i 
förädlingsprocesser via biologisk, kemisk, eller termisk omvandling istället för 
enbart som bränsle. En kombination av olika termokemiska omvandlings-
processer och systemoptimering kan öka andelen högvärdiga produkter från ett 
bioraffinaderisystem, och även öka utnyttjandegraden av biomassan. I denna 
avhandling har olika termokemiska omvandlingsprocesser tillämpats och 
integrationsmöjligheterna utvärderats i ett abstrakt/tänkt bioraffinaderi. 

Slutmålet för alla utvärderade koncept var framställning av syntesgas genom 
antingen förgasning eller reformering. Två potentiella biproduktströmmar från 
biokemisk omvandling i ett bioraffinaderi utvärderades som förgasningsbränsle. 
Torrefiering, en termisk förbehandling av biomassa, har även utvärderats med 
avseende på förbättrade bränsleegenskaper, processfördelar och integrations-
aspekter. Slutligen har ett systemkoncept för långsam pyrolys, ”Bio2Fuels”, 
föreslagits och utvärderats med syfte att simultant nyttja biomassan till 
vidareförädling och åstadkomma en negativ koldioxidbalans i systemet.  

Resultaten visade på att hydrolysrest (biprodukt från etanolproduktion) är ett 
lämpligt förgasningsbränsle, förutsatt att justeringar görs i prepareringen. Den 
producerade syntesgasen från förgasning av torrefierad hydrolysrest hade lägre 
andel tjära än icke torrefierad hydrolysrest och trä. Kombinerad förgasning av 
biomassa med biogasreformering har demonstrerats med ökat H2/CO-förhållande 
i syntesgasen jämfört med endast biomassaförgasning. Dock behövs temperaturer 
≥1000°C för hög reformeringsgrad. Torrefieringsstudierna visade på förbättrade 
bränsleegenskaper för det torrefierade materialet, vilket i sig kan möjliggöra 
effektiv entrained flow-förgasning i ett bioraffinaderi. Genom värmeintegration 
kan ej utnyttjad lågvärdig restvärme användas till torkning av biomassan antingen 
on-site i bioraffinaderiet eller off-site närmre råvaran och därmed öka den 
termiska effektiviteten för hela anläggningen. Systemkonceptet Bio2Fuels 
representerar en ny applikation för traditionell pyrolys. Den experimentella 
studien visade på en definitiv separation av väte och kol till gas och fast produkt, 
samt inget signifikant förflyktigande av alkaliföreningar för pyrolystemperatur 
<400°C. Ett initialt test genomfördes för termisk reformering av pyrolysgasen 
med hög CH4 halt i slutliga syntesgasen, vilket indikerar ett behov av katalytisk 
reformering. Resultaten visar slutligen på att användning av termokemiska 
omvandlings-processer i ett bioraffinaderisystem har stor potential för effektiv 
energi-integration, ökad raffinering av biomassa, samt motverkan på 
växthuseffekten. 
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1 Introduction 

The use of renewable energy resources as to substitute the traditional fossil-
based fuels become more and more important due to environmental and 
sustainability challenges such as climate change, population growth, increasing 
global energy demand, depleting fossil fuel resources, energy security concerns, 
and economical and political drivers. Renewable energy for heat and power energy 
demands is available from a multitude of different sources and technologies (e.g. 
wind, wave, solar, hydro, and biomass), and is a rapidly expanding sector. Non-
hydro renewables were responsible for the largest market share increase in power 
production for OECD countries 2015 compared to the previous year (primarily 
solar photovoltaics and wind), whereas the fossil fuel share actually decreased [1]. 
However, the transportation sector is still dominated by petroleum resources 
which supplied >90% of the sector total energy for 2015 [1]. 

Biomass, including waste, constitutes ~10% of the global energy resources and 
approximately 50% of the renewable energy sector, representing the major energy 
resource in developing countries [1]. Biomass energy is derived from various plant 
(or animal) based organic material, further divided into general categories, e.g. 
woody, herbaceous, algal, and waste biomass, based on source of origin. While 
biomass is a renewable energy source, there are concerns regarding its 
sustainability. Issues such as competition with food growth on fertile land, loss of 
biodiversity, and net greenhouse gas emissions through land-use change or the 
total supply chain, need to be considered [2]. Lignocellulosic biomass (chapter 
1.1), such as forest-based biomass, has higher sustainability potential than many 
other biomass sources, e.g. it can be produced from non-agricultural land, require 
less fertilizing, and relative abundance with less dispersive growth [3].  

Currently, biomass is the only renewable source of carbon and thus the only 
renewable pathway for liquid fuels production. Similarily, biomass is the only 
renewable carbon carrier available for substituting chemicals production from 
fossil feedstocks. Thus, biomass should preferrably be utilized as a refining 
feedstock analogously to a petroleum refinery, i.e. in a biorefinery (chapter 1.2) 
and/or introduced into existing petrorefineries for future conversion to 
biorefineries. The biorefinery concept represent the co-generation of a spectrum 
of marketable products [4] from various biomass resources through mainly 
biochemical and/or thermochemical conversion. IEA (2017) in their energy 
technology perspective summary stated that energy technologies need to be 
integrated and managed from a system perspective [5], and would thus benefit 
from co-processing in a biorefinery system.  

The conversion processes decompose the biomass material into smaller 
fractions, subsequently converted to the desired products. A combination of 
conversion methods suitable for different feedstock fraction, i.e. integration of 
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both biochemical and thermochemical conversion methods may increase the 
biomass utilization rate, energy and exergy efficiencies, and the output of value-
added products from a biorefinery. The present thesis work has focused on 
evaluating the integration opportunities for various thermochemical conversion 
processes within a lignocellulosic biorefinery system on a process level in order to 
improve the valorization of biomass refinement and its environmental benefits. 

1.1 Lignocellulosic biomass 

Lignocellulosic biomass is biomass derived from woody or herbaceous biomass 
and is mainly comprised of three large polymeric components; cellulose, 
hemicellulose, and lignin; which provide structure and strength to the plant (the 
remaining ~2-10% are ash and extractives). The ash is the inorganic constituents 
and is mainly comprised of potassium (K), calcium (Ca), sodium (Na), silicon (Si), 
phosphorous, and chlorine (Cl), but also various trace elements.  

Lignocellulosic biomass is more difficult to convert to fuels and chemicals 
compared to sugar, starch, and oil-based biomass as it requires depolymerization 
of the polymers in addition to deoxygenation [3]. However, it does not compete 
with food production, and is more CO2 neutral than agricultural biomass 
resources.  

The relative proportion between the cellulose, hemicellulose, and lignin are 
species dependent. Hardwoods (e.g. Birch), contain more hemicellulose and less 
lignin compared to softwoods (e.g. Spruce, Pine) and excluding extractives the 
relative proportions are approximately 43% cellulose, 35% hemicellulose, and 
22% lignin for hardwoods and correspondingly 43/28/29% for softwoods [6]. In 
addition, the ratios may vary within a plant individual during its lifetime [7]. As 
the biomass feedstocks lack both structural and chemical homogeneity, different 
spieces (and growth areas, ages etc) behave differently in conversion processes. 

The thermochemical conversion of biomass differs compared to fossil 
feedstocks both on a process and system level due to several inherent aspects. The 
biggest difference between biomass feedstocks and fossil fuels on a primary 
composition level is the oxygen content, at ~10-45 wt% in biomass and 
approximately 0 wt% for fossil feedstocks. The increased oxygen content lowers 
the heating value of the feedstock and lead to molecular polarity [3]. Biomass 
feedstocks also have different ash composition (more reactive/corrosive), 
dispersive growth, high moisture content and hydrophilic nature (low bulk energy 
density). As previously described, they are also tenacious, fibrous, and 
heterogeneous. These qualities impede the implementation of new competitive 
biomass conversion systems, as they necessitate the development of new 
technologies, or the altering of existing fossil-based solutions. In addition, there 
are high supply chain costs associated with untreated biomass (more in chapter 
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1.4), and the availabilty of large quantites of biomass in close proximity to the 
biorefinery is a necessity. 

1.1.1 Climate change mitigation through the carbon balance 

There are several methods to mitigate climate change through temporary or 
permanent carbon sequestration. Carbon capture and storage (/sequestration), 
abbreviated CCS, refers to technologies dedicated to the capture of point source 
CO2 emissions with subsequent relocation to storage areas in suitable geological 
formations. The capture is preferably carried out at large point sources of CO2 
emissions, e.g. power plants, gasification plants, cement manufacture, and iron 
and steel processes [8]. When applicable, the captured CO2 is pressurized (≥100 
bar) before transportation to a storage site followed by injection into a stable 
geological formation. The main incitement for the CCS technology development is 
to significantly reduce the fossil fuel CO2 emissions to the extent as to facilitate 
continued and more sustainable exploitation of the fossil resource. 

Plant-based biomass function as carbon sinks, binding the CO2 absorbed from 
the atmosphere into organic matter, and is theoretically CO2 neutral as a fuel in 
that the potential CO2 emissions equal the CO2 retained during the plant life. The 
CO2 neutrality of biomass is highly debated regarding agricultural biomass, 
however for northern hemisphere woody biomass feedstocks and general 
considerations regarding biomass conversion, the CO2 neutrality assumption is 
sufficiently accurate.  

The carbon neutrality of biomass feedstocks combined with carbon capture 
technologies allow for potential carbon negativity, i.e. reduction of, rather than net 
zero, atmospheric CO2 emissions for the specified system. Such concepts are 
commonly referred to as either BECS, biomass energy carbon sequestration, or 
BECCS, bioenergy and CCS, and would improve the biomass utilization as a 
significant carbon sink [9-11].  

There are also other propsed methods for climate change mitigation using 
biomass for carbon storage, such as continued biomass growth (capture from the 
atmosphere) and biochar sequestration into soils [12]. The biochar (produced 
from slow pyrolysis) sequestration has demonstrated soil quality improvements in 
addition to potential negativity [12-14]. 

1.2 Biorefineries 

There are several ways to define the term biorefinery, the most simplistic as a 
biomass version of an oil refinery. The IEA Bioenergy Task 42 on Biorefineries 
define it as “biorefining is the sustainable processing of biomass into a spectrum 

of marketable products and energy” [15]. Basically, the purpose of a biorefinery 
is to upgrade and refine biomass into valuable products using different conversion 
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processes, and preferably with integration of resources. I would further expand 
the definition by signifying that a biorefinery process separate the biomass into 
smaller chemical building blocks. These may be considered as the end-product of 
the specific process(es) employed or further converted to other value-added end-
products such as chemicals, biofuels, paper products etc. Also, while significant 
energy production in the form of heat or electricity most likely take place in a 
biorefinery, it is not the main or sole focus. By that definition a pellet plant or a 
sawmill are not in themselves biorefineries, but could potentially be expanded into 
such.  

Many of the established bio-based industries, e.g. pulp and paper or combined 
heat and power (CHP) plants, have single production chains with perchance one 
or two by-product streams. The biorefinery concept in contrast strive for 
polygeneration with a range of different products. The product diversity may 
provide financial stability against various market fluctuations, allowing for further 
expansion of the portfolio with products produced from residue streams otherwise 
not economically viable. Another benefit of polygeneration is the expanded 
process integration opportunities and the potential for combined utilities and 
feedstock systems. On the negative side, all bio-based industries are somewhat 
limited in their up-sizing due to the supply of (local) raw material and the 
significant cost of transport. Consequently, polygeneration industries are more 
limited in bulk production of a specific product, i.e. market share, than single-
chain industries. 

Traditionally, the term biorefinery has represented biochemical conversion 
processes, which is the use of enzymes or microrganisms and/or chemical 
processes for extraction of the desired biomass components. The term has recently 
expanded to also cover biorefineries based on thermochemical conversion, i.e. the 
use of heat (thermal) and/or chemical conversion methods. The thermochemical 
biorefinery concepts are almost all based around the production and later 
refinement of syngas, a gas comprised of preferably H2 and CO (see chapter 1.3), 
which allow for the production of a variety of relevant organic compounds. In this 
thesis work, the term syngas-based biorefineries was chosen rather than 
thermochemical biorefineries, as it does not in term exclude the biochemical 
conversion processes. Biochemical conversion processes are directed towards the 
cellulose and hemicellulose, leaving lignin as a residue, whereas thermochemical 
conversion processes utilize the entire biomass feedstock and the requirements on 
type and composition are typically lower and less specific than for biochemical 
conversion. Biomass residue streams, pretreated biomass, or process by-products 
(e.g. lignin) not suitable for biochemical refinement may be used as feedstocks for 
thermochemical conversion. Initial biological/chemical biomass conversion to 
extract high-value products integrated with thermochemical conversion is 
promising for maximizing the biomass refinement to valuable end-products. 
Lignin residues from different biochemical conversion processes have been 
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succesfully tested for thermochemical conversion through gasification [16, 17] and 
pyrolysis [18-20]. Most evaluated agricultural biomass residues with high ash 
content, further augmented in the residues. Another example of initial 
biochemcial conversion followed by residue thermochemical conversion is 
anaerobic digestion (for biogas production) followed by fast pyrolysis of the solid 
residue [21, 22].  

In thermodynamics exergy represent the work potential of a system or energy 
quantity. The concept of exergy may correspondingly signify the quality of a 
product/energy stream, and should be carefully considered in a biorefinery for 
optimal use of the biomass feedstock. For example, heat (low exergy) is always 
produced as a by-product from thermochemical conversion and should thus not 
represent the primary biorefinery product, whereas processes for extracting high-
value chemicals, fibers etc. (high exergy) is preferably prioritized over high-bulk 
production of less valuable product streams. Of course, the product portfolio is not 
chosen solely on the efficiency parameters in an industrial biorefinery, where e.g. 
investment costs, operation costs, market outlook, and product prices are decisive 
factors (though not uncorrelated to efficiency and product quality). 

1.3 Syngas production and quality 

Syngas, or synthesis gas, is a gaseous mixture of H2 and CO and is an important 
intermediate in chemical synthesis processes.  The gas may be produced from a 
variety of carbon and hydrogen containing feedstocks such as natural gas, coal, 
petroleum and its derivatives, biomass, and organic waste. On the other side of the 
spectrum, the products of chemical synthesis of syngas range from transportation 
fuels to high value chemical end-products or intermediates, e.g. Fischer-Tropsch 
diesel (FT-diesel), synthetic natural gas (SNG), DME, various alcohols, olefins, 
ammonia (NH3), and hydrogen gas (H2). Thus, syngas as an intermediate provide 
both feedstock and product flexibility in a potential biorefinery. Syngas may be 
produced in a variety of ways, the most commonly used are gas reforming (gaseous 
feedstocks) and gasification (solid/liquid feedstocks).  

In addition to the desired H2 and CO, the raw syngas (i.e. product gas) may 
contain various less desirable species such as CO2, steam, CH4, nitrogen- and 
sulfur-containing compounds, and various impurities of both organic and 
inorganic denominations. The quality and composition requirements on the 
syngas are highly dependent on the end-product and the demands of the specific 
catalyst in use, however high demands on the gas purity is prevalent for most 
configurations. The desired internal ratio of the main components, H2/CO, varies 
with end-product but is generally in the range of 1-2, and determined by the 
applicable chemical reactions in the synthesis process. The H2/CO ratio may also 
be upgraded to a higher value through a separate process called water gas shift 
(WGS). 
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Traditional reforming 

The largest market shares of globally produced syngas are held by so called 
traditional natural gas reforming, which is the thermochemical reforming of 
predominately methane (CH4). The commercial production is based on three 
pathways (Table 1.1); steam reforming, partial oxidation, and CO2 reforming in 
order of popularity. All reforming systems are capital intensive in both investment 
and operation due to severe process conditions (high pressure and temperature 
requirements), and cost of catalysts. Still, it remains the most cost-efficient route 
to syngas production (with comparatively low natural gas prices), but not (yet) 
suitable for small feedstock volumes.  

Table 1.1: Summary of traditional natural gas (CH4) reforming pathways in regard to specific 

reactant, products, resulting H2/CO ratio in the syngas, and the heat of formation (∆H°) at 

normal conditions. 

Method Reactant Products H2/CO ∆Hf°(kJ/mol) 

Steam reforming H2O CO + 3H2 3 205.9 

Partial oxidation ½ O2 CO + 2H2 2 -35.9 

CO2 reforming CO2 2CO + 2H2 1 247.1 

 

Gasification  

One method for production of syngas from solid or liquid feedstocks is the 
thermochemical conversion process gasification. Coal is currently the 
predominant gasification feedstock and coal gasification has had a large 
commercial upsurge over the last decade (particularly in Asia), corresponding to 
increased oil and natural gas prices and the desire for self-sufficiency. Gasification 
is also referred to as partial oxidation as, in contrast to combustion (full 
oxidation), chemical energy is retained in the syngas for further refinement. This 
is achieved by introducing a gasifying medium to the process, generally oxygen 
(direct gasification) or steam (indirect gasification). 

The differences between biomass and fossil feedstocks are generally adjusted 
for by altering either the process (e.g. gasifier technology, settings, syngas 
cleaning), or the biomass feedstock (through pretreatment, e.g. torrefaction or 
pyrolysis). There are several gasification technologies applicable to biomass, the 
most suitable for large-scale operation being entrained flow gasification, EFG, 
(higher temperature and very small particles), and fluidized bed gasification, FBG, 
(lower temperature, larger feedstock). The latter is well suited for biomass as the 
fluidizing bed allow for good heat transfer and mixing, i.e. may handle wet and 
heterogeneous feedstocks well. FBG need to operate below the ash-softening 
temperature [23] of the feedstock or suffer bed agglomeration with resulting bed 
collapse (no fluidization) or continuous bed material bleed and replacement. The 
ash melting point is lower for biomass than coal as it is reduced by various amount 
of elements present in the ash such as potassium (K), sodium (Na) and chlorine 
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(Cl). The lower operation temperature increase the tar production, which typically 
require temperatures >1000°C to thermally crack [24]. The removal and 
prevention of tar formation is one of the major difficulties and research topics 
regarding biomass gasification. Tars in the syngas are highly problematic and will 
condense and clog equipment and catalysts as the gas is cooled, as well as lowering 
the feedstock conversion efficiency [25, 26]. 

Direct EFG is typically designed to operate above the ash-melting temperature 
in a so called slagging mode and is well-developed for coal feedstocks [23]. It 
traditionally operated at much higher temperatures (1200-1600°C for fossil fuels) 
than FBG and is often pressurized (20-80 bar). The elevated temperatures allow 
for higher carbon conversion at short residence times, i.e. less tar and other 
hydrocarbons are retained in the syngas, but require pulverized feedstock particles 
(for coal) at sizes <100 µm [23]. As biomass is more reactive than coal due to the 
ash composition and higher volatile matter content, the gasification process 
temperature may potentially be lowered to ~1100-1200°C. 

EFG for raw pulverized biomass has been tested [27, 28] but is presently not in 
commercial operation. The main issues with biomass in entrained flow 
gasification are the biomass feed to the gasifier (fibrous and hydrophilic) and the 
comminution of biomass to the required particle size (high electrical energy 
demand). Pretreatment by either torrefaction (chapter 1.4) or pyrolysis (1.5) 
improve both the feedability and decrease the milling energy cost of the biomass 
[29-31]. The difference between coal and biomass regarding ash composition and 
quantity influence the gasifier operation and design, and biomass ash demonstrate 
different slag behavior and increased refractory wear in the gasifier compared to 
coal [32, 33].  

Syngas quality and upgrading 

The synthesis processes are comprised of catalyst driven chemical reactions. 
Each catalyst set-up demonstrates specific requirements on the syngas quality 
regarding impurities, depending on both the physical and chemical structure of 
the catalyst. Deviation from the set limits decreases the catalyst life-time and 
thereby the process economy.  In general, catalysts are very sensitive to poisoning 
and particularly sulfur and chlorine compounds require complete removal. Also, 
particles, tars, alkali metals, and in some cases inert gases (N2 for SNG synthesis) 
may cause catalyst deactivation [34-36]. These originate from both the feedstock 
and the specific process used, and the subsequent removal/upgrading of each 
compound from the raw syngas is often expensive.  

The isolated gasification process generally represents less than a quarter of the 
total conversion plant capital investment cost (technology dependent), and a large 
part of the total cost is dedicated to the gas cleaning and conditioning steps 
(upgrading). Thus, adjustments made to either the feedstock or process to inhibit 
the volatilization/formation of these impurities, thereby eliminating one or more 
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syngas upgrading process steps, may demonstrate significant benefits to the 
overall plant economy. 

Also, most synthesis processes are operated at severe conditions regarding high 
pressure (e.g. 100-250 bar for NH3, 25-60 bar for FT-diesel) and temperature 
(200-400°C) [34]. Efficient cooling systems is often necessary to swiftly remove 
the generated excess heat and maintain the process parameters or the overall 
efficiency, and catalyst performance, are reduced. This heat load may preferably 
be integrated elsewhere in the biorefinery. 
1.4 Torrefaction 

Torrefaction is a conversion process that aims to improve various biomass 
feedstock characteristics by thermochemical pretreatment. It is a mild form of 
slow pyrolysis (chapter 1.5) that does not reach full carbonization, but produce a 
material (torrefied biomass) with higher heating value, higher energy density and 
lower number of volatiles than the raw feedstock [37-39]. In addition, the material 
is homogenized which facilitate the inclusion of more low quality biomass 
feedstocks to the biomass supply chain [37]. Torrefaction is an old process, in use 
already in the end of the 19th century resembling the processes of coffee roasting 
[38].  

The process temperature is typically between 240 and 350°C, with residence 
times ranging from a few minutes to several hours depending on technology, 
feedstock origin, and sample size/mass flow. An oxygen deficient atmosphere is 
required, and the process is generally not pressurized. Torrefaction always result 
in loss of mass, characterized by the anhydrous weight loss/mass yield (MY), and 
an energy densification as a result of deoxygenation. The volatilized gaseous 
product is referred to as torrefaction gas, and is comprised of permanent gases (at 
normal conditions) and condensable products. MY is calculated as the anhydrous 
weight of the torrefied biomass divided by the corresponding weight of the raw 
biomass, preferably on an ash free basis (i.e. daf). The commonly referred to and 
typical values for the mass loss and energy densification are 70% mass yield, with 
a corresponding energy yield of 90%, resulting in an energy densification of ~1.3 
[39]. However, typical mass yields range from 60-90% with corresponding energy 
yields of 70-95% [38].  

Torrefied biomass characteristics 

The effects of the main torrefaction process parameters, e.g. temperature and 
residence time, vary depending on the specific wood species and denomination 
(hardwood/softwood) as the three major constituents of biomass (cellulose, 
hemicellulose, lignin) are decomposed at different rates and temperatures. The 
decomposition reactions primarily affect the hemicelluloses; degradation is 
initiated at comparably low temperatures (200-220°C) [40, 41], with lesser impact 
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on the lignin and cellulose polymers [41-43]. Cellulose degradation is initiated in 
the higher torrefaction temperature range >280°C and several studies indicate 
that lignin is thermally affected throughout the entire torrefaction temperature 
range, but to a limited extent [41, 43]. The difference in the amount of 
hemicellulose in lignocellulosic biomass species, as well as its specific composition 
[40], is in part responsible for the significantly differencing process settings 
required to achieve similar product characteristics. The degree of decomposition 
of the biomass polymers is referred to as torrefaction severity or degree of 
torrefaction, and is rudimentary quantified through the mass yield. Other 
methods to quantify the torrefaction severity have been attempted, such as the 
decrease in volatile matter [44], the change in enthalpy of formation (∆Hf°), or 
increase in higher heating value (HHV) relative the raw feedstock [45]. In this 
thesis work, torrefaction severity was correlated to the mass yield.      

Additional benefits regarding the biomass feedstock characteristics by means 
of torrefaction are the improved friability, feeding characteristics, hydrophobicity, 
fungal durability [38, 46], and energy density (especially when combined with 
densification). The thermal degradation of the wood polymers decrease the 
mechanical plant strength, facilitating a significant reduction in required milling 
energy consumption and produce powder particles with diminished fibrous 
structure [39, 47] (paper III). The feeding characteristics are also improved by the 
less fibrous nature of torrefied biomass powders, and the reported smaller particle 
sizes after milling is beneficial for both gasification and combustion end-uses [48]. 
Significantly improved hydrophobicity is reported for various torrefied biomass 
materials [37, 49], though fully water repellant behavior requires severe process 
conditions and thus low mass yield.   

The torrefaction gas 

The torrefaction gas contains a variety of different compounds, though its 
diversity is correlated to the torrefaction severity, i.e. the total gas yield, and the 
amounts of condensable components. The principal permanent gas components 
are CO2 and CO, with CO2 being the primary species, and CH4 is commonplace for 
high torrefaction severity [38, 50]. The condensable fraction is mainly comprised 
of water, acetic acid, methanol, furfural, hydroxyacetone, and substituted phenols 
[29, 39]. As the decomposition of cellulose and lignin becomes more prominent 
with increasing torrefaction severity, so do the complexity of the condensable 
fraction.  

The torrefaction gas constituents could potentially be further valorized by 
extraction of valuable green chemicals, but is typically considered as combustion 
feedstock in order to supply the process heat requirements (i.e. drying and 
torrefaction).  In order to achieve good combustion conditions, the torrefaction 
gas must have sufficient heating value, which may be augmented by reducing the 



 

10 

moisture content in the raw biomass entering the torrefaction reactor, or auxiliary 
fuel may be required.  

The torrefied biomass supply chain 

The full advantages of torrefaction as a biomass pretreatment method require 
a system perspective. Torrefaction followed by densification improve the bulk 
energy density of biomass to such an extent that the reduced transportation costs 
may exceed the additional cost of torrefaction, i.e. torrefied pellets may be 
delivered to an end-user gate at similar or lower cost than traditional pellets [37, 
51, 52]. Bulk densities for torrefied pellets are in the range of 13-20 GJ/m3, 
compared to 9.8-11.4 GJ/m3 for traditional wood pellets, signifying an 
improvement by up to 1.75 times, and ~6-7 times compared to untreated wood. 
The cost improvements are not soley with the transportation step; loading, 
unloading and handling aspects are correspondingly benefitted. Figure 1.1 
illustrate an overview of the supply chain of torrefied pellets to a CHP plant. 
According to Svanberg and Olofsson (2013), the biomass supply chain to a 200 
000 ton/y torrefaction plant; including transport, comminuting, and handling; 
represent 46% of the production cost of torrefied pellets, compared to the 9.5% 
represented by the product distribution chain to a CHP plant located >500 km 
from the torrefaction site [53]. Minimizing the distance between the torrefaction 
plant and the biomass resource is thus the intuitive conclusion [54].  

 
 

 

Figure 1.1: Illustrating the biomass supply chain for torrefied and traditional pellets for end-use 

in a CHP plant. Modified from Svanberg and Håkansson (2010) [55]. 

Traditional pellets handling requires different equipment while torrefied pellets 
(black pellets) may use existing technologies for coal, facilitating increased 
biomass co-firing potential. Thus, the improvement in product characteristics of 
the torrefied pellets compared to traditional pellets may allow for significant cost 
reduction within an end-user site, primarily through avoided capital costs [38].  

1.5 Pyrolysis 

Pyrolysis is one of several reaction steps in other thermochemical conversion 
processes, acting prior to the gasification and combustion steps, but it may also 
operate as a separate process. Pyrolysis is the thermochemical decomposition of 
an organic material in an oxygen deficient atmosphere. The temperature range for 
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pyrolysis is wide, starting from ~300°C and continuing up to ~700°C, but the most 
common temperature range is 500-650°C. The optimal operation temperature is 
determined by the desired application and characteristics of the pyrolysis 
products.  

The pyrolysis process is very complex, comprised of a series of interdependent 
reaction steps influenced by various process parameters. The pyrolysis products 
are dependent on the composition of the specific biomass feedstock in terms of the 
chemical composition and the distribution between the main polymers cellulose, 
hemicellulose, and lignin. In addition, the interaction between the components 
influence the product distribution [56]. The kinetics of pyrolysis have been studied 
extensively [57-59], with attempts to simplify the process to a few process steps 
[60-62]. As previously described for torrefaction, the hemicellulose decompostion 
is iniated at lower temperatures, whereas the cellulose decomposition is iniated at 
the high torrefaction temperature range (>280°C). However, the majority of 
cellulose decompostion takes place in the temperature range of 315-400°C [41]. 
Depending on temperature and the distribution between the main polymers of 
biomass (cellulose, hemicellulose, and lignin), the overall pyrolysis process is 
either endothermic or exothermic, though the various reactions taking place is a 
mixture of both. Yang et al. (2007) observed that the decomposition of cellulose is 
responsible for the overall endothermic process behavior in temperatures between 
300-400°C, however, the higher temperature range is characterized instead by 
exothermal cellulose, and endothermal hemicellulose and lignin, decomposition 
[41]. Also supported by Ball et al. (1999), which stated that the volatilization of 
cellulose is endothermal, but produce the water that enhances the charring, which 
is an exothermal process [63].  

The pyrolysis products may be arranged into three major groups depending on 
their volatility; the solid, non-volatile char containing mainly carbon and ash; the 
volatilized permanent gases; and the bio-oil/pyrolysis oil, volatilized at process 
temperature but is liquid at room temperature. The permanent gases consist 
predominantly of CO, CO2, CH4, H2, and light hydrocarbons, while the 
composition of the bio-oil is determined by process conditions and feedstock; 
generally water, oxygenates, aromatics, tars, and products of incomplete de-
polymerization of the cellulose, hemicellulose, and lignin [64, 65].  

The biomass in combination with the process conditions, such as reactor 
temperature, heating rate, residence time, reactor design etc., strongly influence, 
not only the composition of the different product groups (char/gas/bio-oil), but 
also the distribution (yields) between the product fractions. Thus, there is an 
infinite number of unique product compositions to be had from biomass pyrolysis.  

To simplify, pyrolysis processes have been divided into three main categories 
based on the process settings, and in extension, the preferred product yields and 
compositions; slow pyrolysis; fast/flash pyrolysis; and intermediate pyrolysis. A 
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generalization is that if char production is desired, lower temperatures and longer 
residence times are favorable (slow pyrolysis), whereas moderate-high 
temperatures and short vapor residence times result in high bio-oil production 
(fast/flash) [66]. High temperatures increase the gas yield [67].  

Slow pyrolysis, also known as conventional pyrolysis or carbonization, is 
characterized by a low vapor heating rate (0.1-1°C/s) and thus long residence time 
(1h to several days), with the char, denoted charcoal, as the sought after main 
product. Slow pyrolysis has been applied through history for many centuries and 
remain a commercial process today. The charcoal is traditionally used 
domestically as a non-smoking fuel for cooking and heating, but may also be 
utilized as fuel in large-scale combustion facilities and for co-combustion with 
coal. Other potential uses are as a high-grade reducing agent in the metallurgical 
industry for silicon production [68] or as a coal-replacement for combustion in the 
steel industry or for direct soil carbon sequestration (chapter 1.1.1). 

In contrast, fast/flash pyrolysis has very short residence times of a few seconds 
to a fraction of a second and moderately high temperatures of 400-650°C. The 
resulting heating rate is very high and the short residence time require almost 
instant quenching of the process to avoid undesired secondary conversion 
reactions of the products. These process settings results in a rapid decomposition 
of the biomass into mostly vapor and aerosols (and some char and gas) and has 
been shown to result in high bio-oil yields of up to 70-75%wt. [66, 69]. Fast 
pyrolysis has gained interest mainly in recent decades due to the high bio-oil yield, 
identified as a potential petroleum oil replacement. Other potential end-uses for 
the fast pyrolysis are as a biomass pre-treatment method prior to combustion or 
gasification. The production of H2-enriched syngas production through fast 
pyrolysis bio-oil reforming (catalytic) has been successfully demonstrated [68, 70-
72]. Most of the current research on pyrolysis is aimed towards fast pyrolysis. 

Intermediate pyrolysis has residence times of 10-30 seconds and operate at 
temperatures of 300-700°C. As the name denotes, the product yields lie 
approximately half-way between the slow and fast pyrolysis processes. 

The distribution of the ash-forming elements in pyrolysis to the different 
product fractions is temperature dependent. If the the process temperature is 
sufficiently low, the ash-forming elements (excluding Cl) are principally retained 
in the biochar, potentially reducing the requisite syngas upgrading demand [36]. 
Jensen et al. (2000) for example, demonstrated that pyrolysis temperatures 
<500°C may be sufficiently low to avoid potassium (K) volatilization for straw 
pyrolysis [73]. However, the Cl volatilization rate is highest in the 200-400°C 
temperature region [73, 74]. Okuno et al. (2005) found no significant volatilization 
of alkali for pine slow pyrolysis in the temperature range of 500-900°C [75]. The 
release of both Cl and S have been studied for torrefaction with reported up to 90% 
volatilization in what is the low temperature pyrolysis temperature range 
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(<300°C) [76-78]. There is a lack of reliable information regarding the release of 
alkali metal compounds during pyrolysis. Regarding fast pyrolysis of biomass, the 
ash is distributed to both the solid char and the fast pyrolysis oil  to an extent 
directly related to the char content of the oil [69], i.e. not as a result of 
volatilization.  

1.6 System and integration aspects 

Integration is the antonym of differentiate/separate, and is generally defined as 
the act of combining into an integral whole. There are various levels of integration, 
for example; the combination of a process with its optimized product handling 
system, internal heat supply integration, chemical recovery with electricity 
production, between different research areas, and full system integration. By this 
broad definition, one could argue that most applied research employ integration 
in some form, though it would not be specified as such.  

Generally, the term integration when applied to thermochemical conversion 
imply some form of system study. A larger overall system is analyzed, either 
process-based with focus on energy integration or including supply and demand 
chains, policies, environmental aspects, life cycle analyses and so on. There are 
plenty of previous work performed within the area of system integration 
concerning thermochemical conversion for syngas production. To mention a few; 
biofuel production (BTL/BTG) [79-82], pretreatment conversion processes and 
supply chain [51, 53, 83], black-liquor gasification implementation evaluated from 
different perspectives [84-86], and life-cycle analyses [87]. There are a variety of 
different output parameters for system or process evaluation applied in these 
studies, such as efficiency, biomass utilization, economics, and CO2 impact. 

Process integration, in contrast, is often focused on process, product, or cost 
improvement, and has smaller system boundaries compared to the more global 
system integration. They could also be classified as internal and external 
integration, where process integration operates within the process parameters and 
system integration often view a process as a specified fixed unit, i.e. a black box. 
However, there is not always such a clear distinction between the two. There are 
some work with both system and process integration aspects covered, such as Tock 
et al. [88], but most often the scope of such studies becomes large, complex and 
system specific. However, there is a need for collaboration between process and 
system integration aspects to avoid sub-optimization of the process.  

One way is to apply process integration with system optimization as the overall 
objective. It is imperative to consider system aspects when optimizing the various 
thermochemical conversion processes. For example, many of the benefits of the 
torrefaction process is only realized when the system is considered, and the 
process parameters are highly adjustable with regard to the desired product 
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quality. The same is true for pyrolysis product distributions. For gasification, 
variations in feedstock characteristics have a direct influence on the syngas 
quality, and in extension on the catalyst performance in the synthesis process. In 
this thesis work, I consider thermochemical process integration as the combining 
of a thermochemical process with either 1) a different process(es), be it 
biochemical, thermochemical, or neither, or 2) within the process in terms of 
optimization, heat integration, feedstock mixture etc., to improve the process 
and/or product, as well as the overall system.  

1.7 Thesis objective 

The overall objective of this thesis work was to explore the integration 
opportunities for thermochemical conversion processes within a lignocellulosic 
biorefinery site, supply chain and/or system, from a process perspective. Syngas 
production, with implied further valorization through various synthesis processes, 
was the end goal for all configurations evaluated in this work. With the theoretical 
aim of improving the level of feedstock utilization and output of valuable products 
in a biorefinery system, the specific objectives corresponding to the appended 
papers were as follows: 

1) Evaluate two available process streams in an existing biorefinery as 
feedstocks for production of syngas via gasification (paper I), and 
torrefaction and gasification (paper II). 

2) Increase knowledge, improve technology, and evaluate torrefaction as 
a pretreatment method (paper II, paper III), and evaluate the 
integration opportunities for the torrefaction process within a syngas-
based biorefinery system (paper IV). 

3) Present, examine, and demonstrate a low-temperature slow pyrolysis 
system, Bio2Fuels, for production of H2-enriched syngas with potential 
carbon negativity (paper V-VII).  

1.8 Thesis structure and delimitation 

This thesis work is a continuation and more in depth evaluation of the research 
topic covered in the licentiate thesis [89]. With ~70% of the appended papers 
previously discoursed, there is bound to be overlapping analysis, though I have 
strived to ensure a more in-depth discussion in the present work.  

Structure. In chapter 1 an introduction and overview of the thesis topic is 
presented, i.e. biomass conversion, biorefineries, thermochemical conversion 
processes, and process integration is covered. Chapter 2 describes the 
experimental reactors used in this work, as well as a description of analysis 
methods, theoretical calculations, and modelling methods employed. The results 
from the appended papers are summarized, discussed, and put into perspective in 
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a cohesive segment in chapter 3, in accordance with the above stated objectives. 
The last two chapters are the summarized conclusions with final remarks and 
recommendations for further studies.  

Delimitation. The focus of this thesis was towards evaluating technical 
potential, and thereby assessing the integration opportunities and suitability, for 
any presented configuration in a (theoretical) biorefinery, rather than determining 
any kind of “ultimate solution”. Therefore, this work does not generally address 
and compare overall system efficiencies or economic considerations.  
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2 Materials and methods 

This chapter will address the materials and the majority of experimental 
methods applied in this thesis work. The method and experimental procedure is 
presented as well as a method analysis. Any analysis methods employed repeatedly 
throughout the appended papers are also covered in this chapter.  

2.1 Biomass feedstocks 

There was a variety of different biomass feedstocks used in the present work, 
most with lignocellulosic softwood origins (Peat biomass origin undetermined). 
Table 2.1 show the compositions for all experimental feedstocks. The most pre-
processed feedstock was the hydrolysis residue, a residue product stream from 
lignocellulosic ethanol production consisting of mainly lignin and un-hydrolyzed 
cellulose (more on hydrolysis residue in chapter 3.3). The raw softwood 
feedstocks, Norway spruce and pine/spruce pellets originated locally from the 
northern part of Sweden, mainly Västerbotten, and represent readily available and 
abundant biomass resources on the northern hemisphere.   

Table 2.1: Elemental composition for biomass feedstocks used in this thesis work. Moisture 

content refer to the moisture content of the biomass when used in the experiments, which may 

not always correspond to “as received” moisture content. Solely reference biomass is not 

included. 

 
Hydrolysis 

residue 

Spruce 

paper III 

Spruce 

paper VI 

Pine/spruce 

pellets 

Peat 

(Saltmyran) 

Moisture, % 11.6 Bone dry Bone dry 4.7 29.4 

Ash, %DS 0.6 0.4 0.31 0.33 4.8 

C, %DS 56.4 50.4 49.7 49.5 53.3 

H, %DS 6.0 5.9 6.1 6.3 5.7 

O, %DS 36.4 43.2 43.7 43.0 33.6 

N, %DS 0.3 0.1 0.1 0.11 2.7 

S, %DS 0.05 - 0.02 - 0.181 

HHV, MJ/kgDS 22.71 20.37daf 20.41 19.45 21.88 

LHV, MJ/kgDS 21.41 19.01 - 19.04 20.65 

Peat addition as a method to increase agglomeration temperature has 
previously been proposed and demonstrated [90, 91] and was used in both 
fluidized bed studies, at a weight ratio of 30% (paper II) and 50% (paper I). In 
paper I, the aim was to attain a sufficiently high gasification temperature to 
maximize the degree of methane reforming, and in paper II, low-temperature 
agglomeration behavior for the hydrolysis residue necessitated peat addition in 
order to reach an acceptable bed temperature (discussed further in chapter 3.3). 
The peat feedstock for both studies originated from Saltmyran, Sweden.  
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As illustrated in Table 2.1, both the hydrolysis residue and peat contained more 
carbon and less oxygen compared to the raw softwood feedstocks, which explain 
the higher heating value for these fuels. It also illustrates that these fuels have 
undergone “treatment”, whether deliberately as in the hydrolysis or as a result of 
natural decomposition behavior in the formation of peat.  

2.2 Torrefaction/pyrolysis reactors and experiments 

A development of successively more advanced torrefaction/pyrolysis reactors 
was demonstrated in this thesis work. Starting with a batch process in an electrical 
furnace, biomass feed: 200g/experiment, in paper II, and ending with a 150 kg/h 
biomass feed, large and upgraded continuous pilot plant in paper VII. Each 
progression brought forth a more flexible process and higher degrees of process 
control.  

2.2.1 Batch reactor furnace 

In paper II, torrefaction was carried out by spreading 200 g of biomass on a 
steel tray, ~30x40 cm, in an even layer before placing said tray in the middle of an 
electrical furnace, 3X330 volt, 9 kW (Chemantex) at a specified input temperature. 
The furnace power supply was regulated using the process temperature as 
controlling variable, and a PID-regulator set to attain a swift and smooth 
temperature change and profile. The process temperature was measured in the 
back of the furnace space using a thermocouple type N. Four additional 
thermocouples type N were placed so as to span the reactor volume and provide a 
more complete temperature profile, one of which were placed directly in contact 
with the biomass. The biomass temperature measurement was used to establish 
the torrefaction residence time, here defined to initiate as the biomass 
temperature reached 200°C.  

To ensure an inert reactor atmosphere, N2 was added prior to each experiment 
and was continuously added at a flow rate of 17 l/min throughout the entire 
experimental run. After each run was completed, the steel tray was removed as 
quickly as possible from the reactor and placed in a prepared, nitrogen-filled, and 
sealed cooling space. Throughout the cooling of the biomass to a temperature of 
50-70°C, a continuous flow of nitrogen to the cooling space maintained the inert 
environment. 

While seemingly primitive, there were several benefits to this reactor type. In 
its simplicity, it was easy to get a complete overview of the entire experimental 
procedure, and thus quickly detect any anomalies. However, the material was 
stationary in the reactor, i.e. no mixing, resulting in uneven torrefaction severity, 
particularly at higher torrefaction temperatures. Also, the removal of the steel tray 
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from the furnace allowed for air exposure for a few seconds with prospective 
undesired oxidation taking place. 

2.2.2 Drop tube reactor 

For the first set of pyrolysis experiments, in paper VI, 
a drop tube furnace was modified and used as process 
reactor. It was also a batch process, but there are several 
improvements with this setup compared to the batch 
furnace described in the previous chapter; better 
cooling system, controlled atmosphere, and improved 
heat transfer to the biomass.  

Figure 2.1 illustrates the reactor and its components. 
The reactor consisted of a ceramic alumina tube, 57 mm 
inner diameter and 2.4 m long, encased with three sets 
of electric heaters (1 in Figure 2.1), each ~50 cm long. 
The top of the tube extended above the heaters and was 
used as sample holding area prior to each experiment 
(2). To prevent the sample from undergoing premature 
torrefaction or pyrolysis reactions by its close proximity 
to the heaters, an indirect water cooling loop around the 
ceramic tube (3) kept the sample temperature below 
100°C. The bottom of the tube extended ~35 cm 
beneath the heaters to connect directly to the quench 
cooler. The inert atmosphere in the reactor was ensured 
by a circular ceramic plate sealed to the top of the 
ceramic tube, a continuous N2 flow of 10 l/min through 
the top plate, and over pressure in the quench cooler.  

Each experiment began by filling a cylindrical metal 
beaker, 230 mm long and Ø50 mm, with 50 g of wood chips. The beaker was 
perforated by evenly spaced circular holes, 5 mm diameter, to improve heat 
transfer and in extension achieve more uniform pyrolysis conditions for the entire 
sample size. The power input was regulated by three thermocouples type N, one 
for each heater, placed directly against the tube surface. The biomass material 
temperature was measured by three additional thermocouples type N placed in 
direct contact with the material at the top, middle, and bottom areas of the beaker. 
The beaker was then suspended with a steel cable from the top of the reactor and 
placed in the cooled holding area. The top was sealed, and any remaining air 
evacuated from the reactor through the addition of N2. At the desired reactor 
temperature, the beaker was further lowered into the reactor zone (4), also 
commencing the residence time count. When the set time was reached, the beaker 
was swiftly mowed down to the quench cooler (5), where it remained until all three 

Figure 2.1:  The drop tube 

reactor. Numbers are 

referenced in the text 
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material temperature measurements had reached handling temperature. The 
sample was then removed through the reactor top at the end of the experiment. 

The quench cooler was developed to overcome the issue with air exposure 
exhibited with the previous batch reactor, while at the same time achieving an 
effective and swift cooling of the material. A large, insulated, U-shaped vessel (6) 
was filled with 5 l of liquid N2 2-3 minutes before the end of the experiment, 
resulting in continuous volatilization and a gas flow of N2 rising in the cooler and 
ceramic tube. To avoid flooding the reactor with N2, a gas exhaust was located 
beneath the heaters (7). The torrefaction gas also exited the reactor through this 
gas exhaust.  

As mentioned, both the cooling system and heat transfer to the sample were 
significantly improved with this reactor type compared to the simple batch 
furnace, resulting in a more evenly torrefied biomass. The sample size was 
however significantly reduced, which hampered further analysis of the torrefied 
material. There is also the possibility that the significant N2 volatilization in the 
cooler influenced the volatilization of the material in the early cooling stages. 

2.2.3 The original torrefaction pilot plant 

When deciding to develop a continuous torrefaction reactor to replace the batch 
processes there were several aspects deemed important, such as improved process 
control, more reliable temperature measurements, better cooling system, and 
more torrefied product produced per experiment. The latter is important for 
further product analysis and evaluation, in particular pellet production. Thus, a 
continuous torrefaction pilot plant was carefully designed, constructed, and 
evaluated in a collaboration between Umeå University, Swedish Agricultural 
University and Bioendev AB (paper III). The pilot plant had a maximum 
production capacity of 20 kg/h, which is more than 50 times the production 
capacity of the batch furnace (maximum 400 g/batch). 

Reactor design and overview 

The pilot reactor was comprised of four main process steps; the biomass feeding 
and pre-heating, the torrefaction reactor, the product cooling system, and the 
torrefaction gas transport and combustion (Figure 2.2). In addition to the process 
steps were the control areas; inert atmosphere, temperature control (and 
measurement), and residence time. In paper III, bone-dry spruce chips were 
added to the silo and transported via two rotary vane feeders and a pre-heating 
transport screw to the torrefaction drum. The torrefaction reactor was a specially 
designed rotary drum with a dedicated internal conveying system in the form of a 
spiral screw conveyor fixed to the rotating drum surface. The drum was 1700 mm 
long and with an inner diameter of 270 mm. Next, the torrefied product entered 
the indirect double-jacketed water-cooled transportation screw, which cooled the 
biomass temperature to below 90°C.  



 

20 

 
Figure 2.2: The original pilot plant, image reworked from [45]. 

The reactor design allowed for the torrefaction gases to have either a concurrent 
or a countercurrent flow through the reactor, in order to permit more degrees of 
freedom in the process evaluation. The influence of the flow direction was 
evaluated by [45]. In paper III, concurrent flow was used and the torrefaction gas 
was evacuated by the gas fan and subsequently combusted in the gas burner. The 
in-line gas fan maintained a small negative pressure of 0.1 mbar in the reactor 
during all operation. The burner was heated to 900°C by ceramic electrical heaters 
in order to 1) improve ignition and 2) sustain the flame regardless of the 
combustion quality of the torrefaction gas. The torrefaction gas contains various 
compounds, some with condensation temperatures close to the torrefaction 
temperature. As a result, any surfaces colder than the gas will immediately be 
affected by deposits of various compounds which deteriorate the equipment. 
Therefore, all surfaces in any way in contact with the torrefaction gas was equipped 
with electrical heaters that maintained a temperature slightly above the 
torrefaction temperature. 

The pre-heating transport screw elevated the biomass temperature to slightly 
below 200°C by electrical heating of the containment shell, set point 260°C, before 
the biomass entered the torrefaction reactor. The ceramic electrical heaters 
surrounding the torrefaction drum was set to maintain a uniform temperature 
profile (±1.5°C) for the reactor surface and to achieve the desired torrefaction 
temperature (±2°C) in the torrefied product.  

Mass yield calculations are straightforward for a batch process, i.e. measure the 
material weight prior to and after the experiment, but require some consideration 
for continuous processes. In paper III, the mass yield was determined by 
measuring the total input (����) and output weight (����) of the biomass during 
steady state, approximately 2-6h after experiment start-up. After proximate 
analysis, the mass yield was calculated on dry and ash-free (daf) basis as: 
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.    Eq. 1 

Process control 

The inert atmosphere in the reactor, and all parts in contact with either the hot 
torrefied product or the torrefaction gas, was ensured by several design and 
process solutions; the torrefaction drum was surrounded by a stationary gas tight 
steel shell, mechanically fixed steel joints, and two rotary vane feeders before the 
reactor and two rotary vane feeders after the cooling screw, both with a small 
nitrogen gas flow of 5 l/min in between. Before start-up, the entire system was 
flooded with N2 and tested for leakage with a small negative pressure in the 
reactor. The atmosphere was monitored through three oxygen measurement 
points; after the first set of rotary vane feeders, at the exit of the torrefaction drum, 
and after the cooling screw.   

Temperature measurement and control is vital in torrefaction as it is the most 
influential process parameter on both the gas and product compositions and 
characteristics. Almost 40 temperature measurement points was continuously 
measured and logged during operation, most of them used thermocouples type N. 
Each heater was controlled by temperature measurements on the outside of the 
reactor surface, approximately 1-3 mm from the drum surface. The gas 
atmosphere in the center of the torrefaction drum was measured by five 
thermocouples evenly distributed along the length. Paper III show the lengthwise 
temperature profile for each experiment. The surface temperature of the exiting 
torrefied biomass was measured using a specially designed IR pyrometer, focused 
on a measuring area of Ø40 mm located ~30 mm upstream of the torrefaction 
reactor to ensure measurement of biomass temperature rather than the drum 
surface temperature. Heated N2 purge gas at a flow rate of 20 l/min was 
introduced in front of the lens to protect the instrument from gas condensation 
deposits on the lens surface. The nitrogen was heated to approximately 20°C above 
the torrefaction temperature set point.  

The torrefaction residence time is the second main process parameter with 
influence on the product and gas characteristics. In the present work, the 
residence time was defined as the total time the particles inhabited the torrefaction 
reactor. To ensure that the residence time variation was acceptably narrow, the 
drum was equipped with the previously mentioned internal conveying system 
(screw pitch 100 mm). The reactor fill ratio was kept constant at ~11% through all 
experiments in paper III, with resulting variation in mass flow depending on the 
residence time. This method maximized the biomass throughput but resulted in 
complications with the process and product data analysis. For the successive 
experiments in this pilot plant and the upgraded pilot (chapter 2.3.4) constant 
mass flow was selected.  
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As the development of the original pilot plant was a significant part of the 
results from paper III, further discussion and evaluation regarding the design 
decisions is covered in the results chapter 3.4.1. 

2.2.4 Upgraded torrefaction pilot plant (2.0) 

The original pilot plant described in the previous chapter was eventually taken 
apart and a new, upgraded pilot plant was constructed. The main driving forces 
behind the upgrade were all innovative technical solutions and that while 
significantly improved compared to earlier reactors, the production capacity 
remained too low for combined pelleting or gasification research. The upgraded 
torrefaction pilot had a maximum capacity of ~150 kg/h which is more than 7 
times the capacity of the original pilot, and 375 times the capacity of the batch 
reactor furnace.  

Reactor design and overview 

The second iteration of the continuous torrefaction pilot solid product line was 
comprised of; a feeding section with dosage silo and transport screws; two rotary 
reactors, the first (rotating drum) operating as a pre-heating and drying reactor, 
and the second (stationary drum with internal rotating auger screw) as the main 
process reactor; a cooling section with two indirectly water-cooled rotating screws; 
and a transport screw of the cool product to the collection vessel, either container 
or barrel. Figure 2.3 illustrate the pilot plant.  

 

 
Figure 2.3: Overview of the upgraded pilot plant.  

The torrefaction/pyrolysis gas produced in the process drum flow counter-
currently through the process reactor and joins with the volatiles released in the 
pre-heating drum. Here the gas stream may be either concurrent or 
countercurrent. The total gas volume was subsequently mixed with pre-heated air 
(500°C to 600°C) and combusted in an ejector burner. The burner is ceramic lined 
and electrically heated so as to be able to handle larger variations in the 
torrefaction/pyrolysis gas quality and secure complete combustion. The flue gas 
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passed through the air pre-heater and the flue gas cooler before exiting the stack 
at a temperature of approximately 250°C and an oxygen concentration of 3-6%.  

Some of the equipment from the original torrefaction pilot plant was 
incorporated in the upgraded pilot plant; for instance, the pre-heating and drying 
drum was the torrefaction reactor from that pilot (see previous chapter for more 
detail). The new process drum had a differencing design; the drum was stationary 
and the rotating auger type screw inside was not shaft less. The new reactor drum 
had a thread pitch of ~17.5 mm, internal diameter 500 mm, and was 3000 mm 
long. The screw was perforated with 12 holes per revolution, sizes Ø40/50 mm. 
The drum designs were chosen to achieve a high control of the residence time, 
which is essential in order to produce a homogeneous solid end-product. The 
design decisions for the pre-heating drum were described in the previous chapter 
and in results chapter 3.4.1. The new process drum was designed to improve the 
biomass movement in the drum while minimizing material hurdling forwards or 
backwards in the drum. The holes were added to improve gas transport through 
the reactor and reduce condensation on the screw blades.  

Process control 

The upgraded pilot utilized the same design solutions for ensuring an inert 
environment as the original pilot; air-tight construction for all parts and systems 
and a series of two rotary vane feeders, with continuous N2 addition in between, 
located at the beginning and end of the process. Prior to each start-up of the 
reactor, the entire system was flooded with N2 and tested for oxygen leakage with 
a set negative pressure of 15 mBar. This was particularly important for personnel 
safety in case of leakage, as the process operated at a constant negative pressure 
of 0.2 mbarg. N2 was also added to the dosage silo during operation to expel air 
pockets amongst the biomass particles. The oxygen concentration was measured 
after the first set, before the second set of rotary vane feeders, and in the flue gas 
canal after the burner, using oxygen meters. 

The mass flow was controlled and quantified through the rotation speed of the 
primary feeding screw and calibration was performed for each raw biomass 
feedstock prior to the actual experiments. The mass yield was calculated by 
collecting the torrefied material after the cooling section for a set period of time 
during steady state operation. The collection barrel was subsequently weighed and 
the results together with the corresponding input mass flow for the sampled time 
was used to calculate the MY.  

The temperature measurement was extensive with ~75 different measuring 
points throughout the system, almost all are thermocouples type N. The pre-
heating drum retained all temperature points as described in the previous chapter 
with data from both inside and outside of the drum. The process drum had evenly 
distributed thermocouples measuring the temperature on the outside only, in 
direct contact with the drum surface. The material temperature was measured 
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using IR-pyrometers prior to exiting either drum and the first cooling screw. These 
measurements were considered the most accurate approximation of the actual 
material temperature, and in the case of the process drum, the torrefaction 

temperature; which is usually defined as the highest temperature of the biomass 
during the torrefaction process. The pilot was designed to manage process 
temperatures in the torrefaction drum of up to 450°C during continuous steady 
operation, however in paper VII, 420°C was the maximum temperature achieved.  

The benefits of the increased reactor size are also correlated to longer 
experimental time to reach steady state conditions, which may result in fewer 
experiments per study. However, the two-drum configuration of the upgraded 
pilot plant allow for more degrees of freedom regarding temperature and process 
control.  

Thermal reforming experiment 

The gas burner was designed for combustion of torrefaction and pyrolysis gases, 
but for one experimental setting in paper VII, the burner was operated as a 
thermal gas reformer for syngas production. The tertiary air flow was set to zero, 
and the secondary and primary air flows was reduced in steps until an OER of 0.35 
was achieved. The OER was calculated based on the oxygen concentration in the 
flue gas prior to the reforming experiment. When the air flow was reduced, the 
burner temperature decreased slowly as the heat of combustion was reduced, from 
1090°C to 1023°C over several hours. The produced syngas was sampled through 
the chimney sampling point and analyzed with GC/TCD for permanent gas 
composition (paper VII).  

2.3 Fluidized bed gasification 

A bench-scale bubbling fluidized bed reactor was used for all gasification 
experiments in this thesis work (paper I-II). Maximum load when used as a 
gasifier is 30 kW (5kW when used as a combustion reactor). The reactor was 
constructed in stainless steel (253MA) and was 2.4 long with a 100 mm inner 
diameter in the bed section and 220 mm in the freeboard area (Figure 2.4). The 
top of the gasifier was mounted to the ceiling with free expansion in the lower parts 
to allow for thermal expansion. The fluidized bed was maintained by pre-heated 
primary air passing through a perforated steel distribution plate at the bottom of 
the bed with 90 holes/1% open area. The fluidized bed material was comprised of 
1100 g Quartz sand (>98% Si), size fraction 200-250 µm. 
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Figure 2.4: The fluidized bed gasifier.  

Electrical wall heaters surrounded the reactor body and the upper bed section, 
for a more controlled gasifier environment and isothermal conditions. The lower 
bed region was isolated and supplied with an external indirect air cooling loop for 
additional bed temperature control.  

The experimental procedure was initiated by a slow (~3°C/min) pre-heating of 
the reactor to approximately 50°C below the desired gasification temperature. 
Both the bed temperature and the OER were mainly regulated by varying the fuel 
feed, as the air flow required specific values to achieve the desired fluidization. 
However, the air pre-heating provided more degrees of freedom in the bed 
temperature control. A steady fuel feed, ~1.5-4 kg/h depending on experiment, 
was ensured by a screw feeder in the bottom of a feeding silo and simultaneous 
external vibration. After the freeboard, the syngas passed through a cyclone for 
particle removal (cut size >10 µm) prior to the sampling section of the gas pipe. 
Depending on which sampling procedures performed, either one or both of the 
sampling holes may be used. Sampling was conducted after steady-state 
conditions were reached. Any gas not sampled was transported to the burner 
where the syngas was combusted with excess air. Oxygen measurements in the 
combustion products were used to evaluate the combustion process and therefore 
kept at a low and steady value. The produced flue gases were cooled and cleaned 
in a wet scrubber before released to the stack. 

2.4 Sampling and analysis methods 

This chapter describes analysis methods used in two or more of the thesis 
papers. The appended papers I-VII provide additional information regarding the 
paper specific analysis methods.  
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2.4.1 Gas chromatography 

The analysis of syngas (paper I, II, and VII) and pyrolysis gas (paper VII) 
permanent gas compositions was performed using gas a chromatograph (GC) with 
a thermal conductivity detector (TCD). The syngas produced from the fluidized 
bed gasification in papers I-II, was sampled in air-tight 1 L Teflon bags and sent 
for analysis within 2 days. For paper VII, the GC/TCD equipment was directly 
connected to the sampling line, allowing for a direct view of the gas spectra. The 
sampled gas was cleaned and cooled prior to sampling for all experiments (see 
each paper for the specific GC/TCD details).  

2.4.2 Impactor sampling and analysis 

Sampling and analysis of particle formation was performed via impactor 
sampling, in order to determine the gravimetric particle size distribution (paper 
II), and evaluate the volatilization behavior of ash-forming elements (paper VII). 
The sampling setup incorporates a 13-stage Dekati low pressure cascading 
impactor in a heated enclosure to avoid condensation prior to sampling. The 
syngas/pyrolysis gas is isokinetically sampled and the particulate matter content 
subsequently sectioned by size according to the aerodynamic diameter (range 
0.03-10 µm). In each stage, the particles are collected on ~Ø25 mm aluminum 
substrates plates that are gravimetrically analyzed before and after sampling. The 
substrates are stored in a desiccator when not analyzed or in use. The sampling 
probe was sized by estimating the gas flow rate through the canal using the 
feedstock composition and mass flow, estimated syngas composition, and reactor 
physical data for paper II, and pyrolysis gas/torrefaction gas literature data, mass 
flow, and reactor physical parameters for paper VII.  

2.4.3 Milling energy 

Electrical milling energy consumption was measured as to evaluate the 
influence of torrefaction on the biomass behavior in paper II and paper III. The 
torrefied and raw biomass was fed to a laboratory centrifugal mill, Retsch ZM-1, 
equipped with a 0.25 mm sieve and rotating speed of 10 000 rpm. A clamp ampere 
meter around the power cord measured the electrical current and was logged 20 
times/second by means of a Compact FieldPoint system and a computer. The 
idling current prior to and after the material milling experiment was averaged and 
subtracted from the measurements, and the resulting curve integrated. The 
voltage was assumed constant at 230 V. Each sample material was weighed using 
a laboratory scale, and 3-4 replicates were performed for each experimental point.  
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2.5 Calculations and modelling 

2.5.1 Experimental design and MLR 

For several of the appended papers (papers I-III, paper VI), statistical 
experimental design of the experiments was utilized, followed by modelling of the 
acquired data using multiple linear regression (MLR). MLR modelling involves 
fitting data from two or more causality variables (factors) against a response 
variable by a linear equation; e.g. 

� = �� � ���� � ��������� � ������� � ������� � ������� � � Eq. 2 

for three factors, x1-x3, where y represents the response, ε the residual variation 
not explained by the model, and β’s the model parameters [92].  

Dedicated experimental design of the experiments where the factors are 
structured and varied simultaneously (Figure 2.5), simplify the modelling result 
analysis, and allow for better overview of the systematic and random (noise) 
errors.  

 
Figure 2.5: Visual representation of the experimental design for paper II. Each solid circle 

represents one experiment. 

In the present work, the data sets in the specified papers were fitted to MLR 
models using the software MODDE, versions 9.1, 10.1, by Umetrics. The fitted 
models were evaluated based on the R2 and Q2 parameters, representing the model 
fit and the predictive ability, respectively. Each calculated parameter varies 
between 0-1 where 1 represent a perfect fit/predictability. Analysis of the residuals 
(errors) and replicate experiments were also performed.    

2.5.2 Chemical equilibrium modelling 

Modelling of the process chemistry for different thermochemical conversion 
processes may be achieved by chemical equilibrium modelling. The method used 
is Gibbs free energy minimization approach, with the assumptions that all present 
elements are perfectly mixed and all reactions reach chemical equilibrium (i.e. no 
time constraints). Chemical equilibrium calculations as a way to model real 
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thermochemical conversion process have their limitations in that reaction kinetics 
are overlooked, i.e. the more a process is governed by kinetics the less accurate 
model representation. However, the method facilitates simulation of highly 
complex processes with multiple reactants, and results from a system disturbance 
is easily observed. The calculations are preferably solved using a computer 
software, and depend on constantly expanding chemical databases for accuracy. 
In the present thesis work, the software FactSage versions 5.2, 6.2, 6.4, 7.0 and 
the corresponding FACT database was used for the chemical equilibrium 
modelling. 

2.5.3 Mass and energy balances 

Mass and/or energy balances have played a significant role in several of the 
appended papers (paper I, IV, V, and VII) either due to necessity in attaining 
analysis data or as an evaluation tool. In paper I, a mass balance of the produced 
syngas was performed in order to estimate the total syngas volume flow rate. The 
syngas composition was measured for each experiment and a mass balance was 
constructed over the gasifier. All main feedstock elements were assumed to have 
formed the measured syngas composition plus water (not measured), and the 
feedstock moisture was assumed to have remained as H2O. The water content was 
solved for using the equation system.  

In paper IV, a very detailed mass and energy balance was constructed using 
torrefaction data from Prins et al. (2006) at process temperature: 300°C and 
residence time: 10 min [29]. This energy and mass model used a much larger 
system were the use of different drying technologies and various additional 
integration aspects such as pelleting, CHP, district heating etc. could be evaluated. 
The calculations were carried out for a fictive realistic torrefaction plant, where 
total availability, efficiencies, dimensioning, etc. was set at commercial levels for 
CHP and pelleting plants.  

Much more basic energy and mass balances were carried out for fictive slow 
pyrolysis plants in paper V and VII. The plant size was set as 100 tonDS/day 
biomass feed and with a moisture content of 45% in both papers. The system 
boundaries were the processes themselves with input and output. The solid, water, 
and steam heat capacities were; Cp,wood = 1.256 kJ/kgK; Cp,biochar = 1.0 kJ/kgK; and 
Cp,water = 4.18 kJ/kgK respectively in both calculations and the enthalpy for 
pyrolysis was based on data from Daugaard and Brown (2003) [93] (∆Hpyrolysis = 
1640 kJ/kg). The enthalpy of vaporization for water, ∆Hvapor, was set at 2257 kJ/kg. 
The difference between the two calculations lied with the pyrolysis data origin. In 
paper V pyrolysis and raw biomass literature data from Fagbemi et al. (2001) [94] 
was used whereas in paper VII experimental data from large-pilot scale 
experiments were applied in the mass and energy calculation. The enthalpy for 
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reforming was determined using chemical equilibrium calculations for the 
pyrolysis gas as reactants in FactSage 6.4 (paper V) and 2.0 (paper VII). 

The validity of mass and energy balances for these types of processes are always 
more or less questionable due to undetected mass and heat losses throughout the 
reactor(s), process disturbances at the time of sampling, errors regarding 
sampling procedure, detection limits and margin of errors for the sample analyses, 
and the quantification of mass flows to name a few. These errors should be 
considered when evaluating the results, either quantified if that is possible, 
reasonably estimated if not, or completely excluded depending on their relevance 
to the analysis. Regardless, all assumptions need to be stated for the results 
evaluation to be applicable. Despite these inherent issues, energy and mass 
balances could provide important information regarding the process, and are 
especially suitable for relative comparisons between process settings or 
integration concepts. Assuming consistent procedure, most errors are of 
systematic nature and thus do not influence comparative analysis for the same set-
up. This is not as true for comparisons with other calculations performed using 
different equipment, analysis methods etc., that may be found in literature.  
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3 Results and discussion 

The focus of this thesis work was on process integration opportunities for 
thermochemical conversion of biomass to improve the valorization of biomass and 
its sustainability potential. The correlation between the appended papers and the 
implied biorefinery system is illustrated in Figure 3.1. Paper I and II focused on 
syngas production using potential future residue streams from an existing (not 
syngas-based) biorefinery as feedstocks for gasification, representing a direct 
integration between biochemical and thermochemical biorefining (chapter 3.1-
3.3). Subsequently, if a biorefinery site is expanded to include syngas production, 
residue stream flows are most probably insufficient to support the feedstock 
requirements for a full-sized gasifier. Papers (II), III, and IV were therefore aimed 
towards evaluating torrefaction as a pretreatment conversion process for 
gasification, as a way to efficiently supply the system with additional biomass 
feedstocks (chapter 3.4). Biomass materials have the potential to be “carbon 
sinks”, allowing for negative CO2 emissions when combined with CCS. The use of 
slow pyrolysis to separate the hydrogen and carbon in the raw biomass to gas and 
solid product fractions, with system benefits including potential carbon negativity 
was studied in papers V-VII, and covered in chapter 3.5. 

 

 

 

 

 

 

Figure 3.1: A simplistic illustration of thermohemcoal process integration for syngas production 

in a biorefinery concept as evaluated in the present thesis work, with the corresponding focus of 

the appended papers.  

3.1 The case-study biorefinery 

The first part of this thesis work focused on direct integration of 
thermochemical conversion processes in an existing biorefinery, by evaluating 
available residue streams as gasification feedstocks. This chapter includes a 
presentation of the case study biorefinery, while the origin of the residue streams, 
biogas and hydrolysis residue, and summary and discussion of the experimental 
results are in the following two chapters, respectively.  

The existing biorefinery in Domsjö, located outside of Örnsköldsvik, Sweden, is 
comprised of a variety of companies established around the previous Domsjö 
sulfite mill. Starting operation in 1903, by the 1940’s the mill had evolved into an 
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early biorefinery as a response to the scarcity of petroleum-based chemicals during 
the World War II [95]. In 1940, the sulfite ethanol plant was added to the industry 
with start-up production capacity of approximately 8.5 million liters of ethanol 
(95% concentration). In short time, additionally ~70 different chemical products 
were part of the plant production portfolio, though many products were 
discontinued in the after war era when the price of oil lowered to competing levels 
[95]. Today the old sulfite mill, currently owned by Aditya Birla, has discontinued 
their paper production and is again operating as a biorefinery, producing specialty 
cellulose, lignin, and bioethanol as main products. The Domsjö biorefinery is also 
a central component in “The Biorefinery of the Future”, a platform combining 
industry and universities for biorefinery research and development. The feasibility 
study, “Flagship Biorefinery”, for potential expansion of the present biorefinery in 
size, potentially integrated processes, and products produced is also an exciting 
current development. 

Although the Domsjö biorefinery does not currently include a gasifier or other 
syngas producing unit, at the onset of this thesis work, Domsjö Fabriker in 
collaboration with the gasifier supplier Chemrec planned the construction of a 
black liquor gasification unit, substituting the recovery boiler. The reduced steam 
production for the mill would be augmented via the adjacent CHP plant. The black 
liquor gasification project was however discontinued in 2012 by Domsjö Fabriker 
and the new owners Aditya Birla. According to the CEO Lars Winter, the project 
did not currently suit the new owner’s business plan for the Domsjö site [96]. 
Although, the project was discontinued, it demonstrated that integration of 
thermochemical conversion processes into the biorefinery was considered highly 
viable and was supported by both investors and the Swedish Energy Agency. 

This thesis work operates with the supposition that the biorefinery has a gasifier 
in operation, and evaluate the selected residue streams as gasification feedstocks 
within such a scenario.  

3.2 Biomass gasification with biogas reforming 

3.2.1 Biogas production at the Domsjö biorefinery 

The bio treatment plant at Domsjö Fabriker has been in operation for more than 
30 years, and represent approximately 5% of the total biogas production in 
Sweden with 90 GWh or 13 million Nm3 biogas produced annually. The produced 
biogas has a high CH4 concentration of approximately 85%. The bio treatment is a 
two-step process; anaerobic digestion which produce biogas, and aerobic 
digestion including the recycling of sludge residue to the first step to preserve 
active microbes [97]. 
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When the present thesis work was initiated, the produced biogas at Domsjö was 
only utilized as a supplement fuel for heat and electricity production in the 
adjacent CHP plant during the colder months when there is a high heat demand. 
For the main part of the year with lower heat demand, the biogas was flared, and 
an insufficiently utilized residue stream in the biorefinery. According to the 
Swedish Energy Agency’s report on production and use of biogas in Sweden 
(2015), 10% of the overall produced biogas is combusted in a gas flare [98]. Unless 
the potential as combustion fuel is actualized, the utilization of small biogas 
streams where the integration potential with adjacent industry is low, is often not 
economically feasible.  

Presently, the biogas is also used as feedstock for supplying heat to dry lignin at 
Domsjö Fabriker in addition to the winter time combustion in the CHP plant. The 
gas requirement for the dryers is approximately 30-50 GWh, leaving equal amount 
available for other uses without disturbing the lignin drying process. While the 
addition of the dryers has improved the utilization rate, and thereby the product 
value of the biogas, the chemical potential of such a high-quality product is 
unexploited.  

3.2.2 Co-gasification and reforming 

The conventional reforming of natural gas (predominantly CH4) was described 
in paper I and briefly in chapter 1.3, through steam reforming (using H2O), partial 
oxidation (O2) and CO2 reforming (CO2). These methods are capital-intensive and 
not economically suitable for low-to medium-bulk biogas residue streams. In 
air/oxygen blown gasification, all the necessary reactants (H2O, O2, and CO2), are 
present at high temperature conditions. Thus, gasification represents a potential 
alternative to the conventional reforming of methane.  

The co-gasification of coal and natural gas has been successfully demonstrated 
as a way to reform unexploited natural gas or to increase the H2/CO ratio in the 
syngas by providing more hydrogen input to the process (the CH4 molecule has 
the largest H/C ratio among hydrocarbons) [99-102]. Char particles from the coal 
feedstock was proved to have catalytic effect on the CH4 reforming, while the 
influence of the coal ash was inconclusive but may potentially be catalytic as well 
[101-103]. Biomass has a more catalytic ash composition than coal, in addition to 
carbon, which may allow for cost-efficient co-gasification of biomass and methane 
(biogas) at lower temperatures. Previous work on biomass by Palumbo et al. 
(2013) focused on indirect steam-only entrained flow gasification of biomass and 
methane, and determined the temperature as the most influential factor [104]. 

In an integrated biorefinery with a gasification unit for syngas production, co-
gasification with locally generated biogas appears promising. There are several 
potential advantages with such a set-up; providing cost-efficient CH4 reforming at 
less severe process conditions; no additional process added to the biorefinery; 
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increasing the H2/CO ratio of the syngas produced from the gasifier; and 
increasing the output of value-added products from the biorefinery.  

3.2.3 Summarized results 

The co-gasification of biomass with CH4 was evaluated in paper I by means of 
a) a parametric chemical equilibrium study for woody biomass and black liquor 
feedstocks, and b) bench-scale fluidized bed gasification experiments of a 
wood/peat pellets mixture and CH4. In the parametric study, several process 
parameters were evaluated on a high and low level in all possible combinations 
through a set of chemical equilibrium calculations using the software FactSage for 
each feedstock. The influence of temperature (low: 800°C/high: 1300°C), pressure 
(1/30 bar), steam addition (no/67%-w) and oxygen equivalence ratio, OER 
(0.3/0.5) on the CH4 reforming was evaluated for 2% and 20% added methane on 
energy basis. In contrast, the bench-scale experiments focused solely on 
evaluating the influence of temperature on the CH4 reforming and syngas 
composition and quality. 

Parametric study 

Both wood and black liquor, regardless of level of methane addition, 
demonstrated the same correlation between the evaluated factors and the CH4 
reforming. That is, higher temperature, steam addition, and higher OER all have 
a positive correlation with the methane reforming rate, whereas higher pressure 
has a negative correlation with the CH4 reforming. These results are in accordance 
with the Le Châtelier's principle on dynamic equilibrium in a system; higher 
temperature and addition of reactants (O2/H2O) favor an equilibrium shift 
towards the products (higher CH4 conversion), while increased pressure favor the 
reactants (reduced CH4 conversion). Methane specifically is a very stable 
component with a C-H bond energy of 439 kJ/mol [105], and therefore 
demonstrate a strong correlation with the process parameters over the variation 
in feedstocks. However, the study showed a slightly higher methane conversion 
rate for black liquor, owing to the significantly higher alkali content of the 
feedstock.  

Bench-scale gasification experiments 

The bench-scale fluidized bed gasification study was a screening test to 
determine 1) if fluidized bed gasification is a suitable technology for co-gasification 
of biomass with methane, and 2) the required temperature for acceptable CH4 
conversion levels.  

For actual process conditions in a reactor with set residence time, chemical 
equilibrium is not achieved. In particular, the high OER demonstrated in the 
parametric study as beneficial for high methane conversion, is not practically 
feasible due to the reduced syngas yield and gasification efficiency. The low level 
was therefore selected and adjusted to 0.33 due to gasifier limitations (e.g. 
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fluidization velocity). Steam addition was excluded as to isolate the temperature 
parameter and reduce the number of experiments. For each gasification 
temperature setting (increased by increments of 50°C), a reference run (Ref) and 
a co-gasification run (+CH4) was performed and the syngas sampled. The 
reference run served to isolate the CH4 contribution produced from biomass 
gasification in the syngas from any unreformed CH4 added to the process. For the 
+CH4 runs, physical grade methane was added directly to the bed at an amount 
corresponding to 20% of the wood/peat pellets energy feed.  

The degree of methane reforming was calculated as, 

���	!"#$!�%&' = 1 − *+,-,/012�/3*+,-,456�//
*+,-,5178�

  Eq. 3 

where the index syngas, biomass, and input represent the amount of methane 
on molar basis in measured in the syngas during the +CH4 runs, produced from 
reference biomass gasification, and added to the reactor respectively. The CH4 
conversion results are illustrated in Figure 3.2 (right axis) together with the syngas 
H2/CO ratio with or without the addition of CH4 to the gasifier (left). The H2/CO 
ratio was significantly improved by the addition of methane, excluding the 
experiment at 800°C, but remained mostly constant up to the 950°C process 
temperature. At 1000°C there was both an increased divergence in H2/CO ratio 
between the reference gasification and the co-gasification experiments, and a 
higher H2/CO ratio achieved with CH4 addition.  

 
Figure 3.2: The CH4 conversion rate (right axis, bars) and the H2/CO ratio (left axis) of the 

syngas before (diamond) and after (triangles) the addition of CH4.  

The degree of CH4 reforming was clearly temperature dependent in the BFB 
gasifier and significantly lower than predicted by the chemical equilibrium 
calculations at the corresponding conditions. The deviation was particularly 
pronounced at the lower temperature range, and further illustrated by the yields 
of the lighter hydrocarbons (C2H2, C2H4, and C2H6) in the syngas (paper I). These 
results may be explained by hampered reaction kinetics in the reactor, i.e. the 
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temperature and residence time in the reactor was insufficient to reach chemical 
equilibrium at the evaluated temperatures. The highest degree of reforming 
achieved was 84% (at 1000°C reactor temperature), to be compared to ~95% for 
natural gas steam reforming. 

The elevated H2/CO ratio in the syngas after co-gasification with CH4 
demonstrated that the CH4 has actually been reformed rather than just combusted 
in the gasifier. The contribution of methane reforming into the main syngas 
components is illustrated in Figure 3.3, where the difference in syngas molar yields 
between the Ref and +CH4 experiments are summarized. A negative value denotes 
a higher yield for the reference gasification run at that temperature. While only 
the relative values are displayed, the trends correspond to the actual yields for both 
Ref and +CH4 gasification runs with regard to temperature, i.e. H2 and CO yields 
increased with temperature and CO2 and CH4 yields decreased with temperature 
(barring the 800°C experiment).  

 
Figure 3.3: The difference in syngas yield between the CH4 reforming experiments and the raw 

wood/peat gasification for H2, CO, CO2, and CH4 for each temperature.  

These results support the CH4 conversion results illustrated Figure 3.3, in that 
as the reforming of methane increased, the CH4 (and CO2) gas yield decrease. The 
addition of methane has a negative influence on the CO yield at the lower 
temperatures up to 900°C, while no significant effect on the H2 yield was 
demonstrated, also reflected in the corresponding improvement in the H2/CO 
ratio. At the experimental gasification temperatures above 900°C the ∆H2 and 
∆CO values increased, i.e. more and more of the added CH4 was reformed to the 
desired syngas components. 

The results indicated that the co-gasification of a biogas residue stream in a 
syngas-based biorefinery is a suitable refinement route for un-utilized biogas. Co-
gasification could thus potentially increase the biogas utilization efficiency, the 
syngas output, and the syngas quality. The application of higher temperature 
gasification, i.e. EFG, is most likely needed to achieve viable conversion rates. 
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3.3 Gasification of hydrolysis residue 

3.3.1 Lignocellulosic ethanol production 

The demonstration plant for production of bioethanol from lignocellulosic 
biomass is in operation as of 2004, and located close to SEKAB’s commercial 
ethanol production facility and the Domsjö Fabriker pulp mill. Daily operation is 
run by SP Technical research institute while EPAB (co-owned by Umeå University, 
Luleå University of Technology, and SEKAB) remain the sole owner. The plant has 
a maximum biomass feedstock capacity of 2 tonDS/day of wood chips 
corresponding to a production of approximately 400 l/day of lignocellulosic 
ethanol. The ethanol production process consists of four main steps; 
pretreatment; hydrolysis, where cellulose is decomposed to glucose; fermentation 
of the glucose to ethanol; and distillation, to increase the ethanol concentration in 
the mixture to 90% (Figure 3.4). The solid hydrolysis residue product is filtered 
from the main process stream either before or after fermentation, washed, and 
dehydrated, with a residual moisture content of approximately 50% [106].  

 

 
Figure 3.4: Flow chart for lignocellulosic bioethanol production. The enzymatic hydrolysis may 

be combined with the fermentation step in a singular process; Simultaneous Saccharification 

and Fermentation (SSF). 

3.3.2 Gasification experiments 

The hydrolysis residue contain approximately 40-45% of the dry raw biomass 
input on weight basis [107] and has a higher heating value than the original 
biomass feedstock (Table 2.1). Several studies [108, 109], have indicated that the 
hydrolysis residue could be well suited for thermochemical conversion via 
combustion or gasification. Syngas production via gasification would increase the 
output of value-added products from the ethanol plant (including more ethanol), 
which would be highly desired, as only ~35%energy of the chemical value of the input 
wood is presently refined to ethanol product [110]. It is further important to cost-
efficiently valorize all main material streams for the biochemical process to be 
economically viable. Also, studies have shown that the hydrolysis process may act 
as a significant alkali removal stage, with reported lower amounts of alkali metals 
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documented in the hydrolysis residue compared to the raw biomass [107]. 
Eriksson et al. (2004) indicated low ash content (<0.1 %) and lower alkali content 
for hydrolysis residue (spruce feedstock), than softwood (0.006% compared to 
0.021%). As described previously (chapter 1.3), lower amounts of alkali 
compounds in the gasification feedstock, and thus also in the syngas, is highly 
beneficial for the subsequent product synthesis. Therefore, hydrolysis residue was 
considered a suitable residue stream for thermochemical conversion via 
gasification (and torrefaction, see chapter 3.4).  

The hydrolysis residue in paper II received from the Ethanol demonstration 
plant in Domsjö was produced from softwood chips and manually filtered out after 
the enzymatic hydrolysis process using a membrane filter press. The resulting 
moisture content was approximately 35-40%. In contrast to the original biomass 
wood chips, the hydrolysis residue was in a packed powder form of varying particle 
sizes. The gasification experiments performed in the fluidized bed gasifier 
described in chapter 2.3 was carried out using 1) hydrolysis residue, 2) torrefied 
hydrolysis residue, and 3) reference wood as feedstocks. In order to feed the 
material to the fluidized bed gasifier, both the HR and THR needed to be pelletized 
prior to experiments. Both materials, the torrefied hydrolysis residue in particular, 
proved difficult to pelletize using the regular “recipe” sufficient for raw biomass 
powder, and various trials were conducted before adequate pellets were produced. 
In particular, a considerably augmented moisture content was required as both 
feedstocks demonstrated hydrophobic behavior. 

Initial gasification testing showed unexpected agglomeration tendencies for 
both residue feedstocks, resulting in two dedicated measures to facilitate the 
gasification tests. The experimental gasification temperature was decreased to 
~800°C, and a 30%wt peat (pellets) was added to the torrefied and raw hydrolysis 
residue pellets to combat the low temperature agglomeration behavior. In 
subsequent ash composition analysis of the hydrolysis residue, significant sodium 
content was detected far above the levels of the original raw biomass prior to the 
hydrolysis process. From investigation into the procedure at the demonstration 
plant it was discovered that sodium hydroxide (NaOH) had been added prior to 
the filter press to adjust the pH from 2 to 4. After this study, the procedure was 
modified and the NaOH addition was placed after the membrane filter press in the 
process line. This issue highlights the benefits of collaborative process 
development on a system level. The increased Na content in the hydrolysis residue 
feedstocks may have also influenced the syngas compostion and quality. The 
comparative analysis between torrefied and raw hydrolysis was however not 
influences, and the issue was considered for all analyses.  
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3.3.3 Summarized results and analysis 

The gasification experiments and the feedstocks were evaluated based on the 
syngas particle load, tar content, and composition. The process conditions, the 
feedstock properties, and gasifier type, all influence the particle emissions during 
gasification. Total dust load was sampled for all three feedstocks and the results 
showed lower total particle load for the HR fuels compared to untreated wood, 
approximately 50% lower for HR, and 30% lower for THR. In addition, the 
measured particles sizes for the hydrolysis fuels were significantly larger. 
However, the influence derived from the differencing gasification conditions 
between feedstocks was undetermined. 

The hydrolysis residue biomass had already gone through a pretreatment 
process in the hydrolysis and pretreatment steps in the ethanol plant, which was 
most likely the cause for the lower particle load. The higher load for THR 
compared to HR may be explained by the molecular decomposition resulting from 
the torrefaction process. Ek (2005) [108] proposed low particle emissions for 
hydrolysis residue making it suitable for combustion, gasification, as well as firing 
fuel in gas turbines, also supported by combustion tests by Öhman et al (2006) 
[107]. The results from the total particle load analysis in paper II also supported 
these results.  

The syngas composition was analyzed on dry gas by GC/TCD. The gasification 
medium was air for all experiments, i.e. N2 was the main gas component. The 
HR/Peat and wood feedstocks showed remarkably similar syngas compositions 
(Figure 3.5), especially considering the difference in feedstock composition and 
lower gasification temperature for HR/Peat. The THR/Peat syngas contained ~5 
percentages more N2 compared to the other two feedstocks. With the close to 
similar process conditions for the residue feedstocks, the elevated N2 
concentration indicates that lower total syngas volume was produced for the 
torrefied fuel.  On the positive side, the THR syngas contained more H2 and less 
CH4 compared to the other feedstocks, and consequently a higher H2/CO ratio. 

 
Figure 3.5: Syngas composition for the gasification experiments, average of three replicates. N2, 

ethyne (C2H2), ethene (C2H4), and ethane (C2H6) have been excluded. 
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The total tar concentration in the product gas was significantly increased for the 
hydrolysis residue feedstock (5330 mg/Nm3) compared to wood (3500 mg/Nm3) 
gasification. However, torrefied hydrolysis residue demonstrated a significant 
reduction in total tar content (2400 mg/Nm3) compared to the other feedstocks, 
but most noteworthy was the more than 50% reduction compared to raw 
hydrolysis residue. Tar formation and cracking is temperature dependent and thus 
the lower temperature for HR compared to wood most likely favored higher tar 
content in the syngas. The lignin content, which is much higher in the hydrolysis 
residue feedstock, is also positively correlated with increase tar concentration in 
the product gas. The addition of NaOH to the feedstock could have had a (catalytic) 
reducing effect on the total tar content, though clearly not to the degree as to 
significantly influence the results as the raw hydrolysis residue demonstrated 
higher tar content with close to equal Na content in the feedstock. Previous work 
for untreated biomass feedstocks have also demonstrated a reduced syngas tar 
content as result of torrefaction pretreatment [111, 112]. Thus, the reduced tar 
content for THR was most likely caused by the torrefaction pretreatment (rather 
than the NaOH additive) through the decomposition and rearrangement of the 
feedstock molecules.  Furthermore, the reduction in concentration for the most 
problematic heavy tar components for torrefaction was significant for all detected 
components. The heavy tar components correlate with the highest condensation 
temperatures (dew point), thus a significant dew point reduction for the total tar 
content was observed (from 170°C to 76°C) for THR compared to HR.  

3.4 Torrefaction 

The second part of this thesis aimed to evaluate the addition and integration of 
torrefaction to a syngas-based biorefinery system. The basis of this analysis was 
on torrefaction as a pretreatment method for improved gasification, either on 
process or system level. Paper III, and paper II to a smaller extent, focused on 
characterization of torrefied biomass as a feedstock for external end-users and 
how the new material characteristics derived from the process conditions, i.e. 
process level. Paper IV focused on the potential of torrefaction on a system level, 
to improve the overall biomass system, including a biorefinery, with implied 
regard to cost and/or efficiency. 

3.4.1 Reactor design - original pilot plant 

The construction and operation of the original torrefaction pilot was preceeded 
by an extensive design and planning phase that took place over a long period of 
time and included all authors and team members. One of the main prerequisites 
for construction of the pilot was to be able to conduct a parametric study, with a 
large number of torrefaction characteristics analyzed for the same biomass 
material, realized in paper III. Therefore, the reactor was re-designed several 
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times until acceptable process control, mainly control of the time and temperature 
parameters, was achieved and a good reproducibility was demonstrated. 

An additional complication, not relevant for batch processes, arises in 
continuous reactors; minimizing the residence time distribution. That is, ensuring 
that all biomass particles inhabit the reactor for precisely the specified residence 
time, no more no less. In a rotating drum reactor, the biomass tumbles as a direct 
consequence of the rotation. The first drum design for the pilot (rotary drum with 
rudimentary flights along the drum length) demonstrated an unacceptably wide 
residence time variation of 9 to 15 min for an average of 12 min when evaluating 
the actual drum residence time of 5o marked wood chips transported through the 
reactor. The final drum design, as described in chapter 2.2.3 with a spiral screw 
conveyer, demonstrated a residence time distribution of 12.3 to 13 min with an 
average of 12.5 min, which was deemed acceptable. Refer to Strandberg (2015) for 
further information regarding the reactor design decissions [45]. 

3.4.2 Process yields and fuel analysis 

The experimental torrefaction analysis performed during this thesis work 
demonstrated that heating value and carbon content increase, while volatile 
matter, oxygen and hydrogen content and mass yield decreased with torrefaction 
severity. For both feedstocks, the resulting mass yields ranged from approximately 
45% to above 90%, with the highest being the 97% mass yield for the 260/8 
(temperature: 260°C/residence time: 8 min) Norway spruce experiment. While 
derived from clearly diverse process settings and significantly different feedstock 
preparation, the extreme points of 310/25 for Norway spruce and 300/25 for HR 
had very similar mass yields of 46% vs 45/47% respectively. Both experimental 
designs spanned the relevant torrefaction process area which was important for 
the MLR analysis (next section).  

For Norway spruce, additional aspects of the torrefied biomass was evaluated, 
such as fixed carbon content and the degradation of the main wood components 
(cellulose, hemicellulose, and lignin). The results demonstrate that the fixed 
carbon increased with torrefaction severity and was in fact advanced by 
torrefaction with yields over 100% (paper III). The decomposition of the biomass 
polymers hemicellulose and cellulose was also positively correlated to the 
torrefaction severity, significantly more so for hemicellulose than cellulose. 
Approximately 86% of the initial cellulose was calculated as retained in the most 
severely torrefied sample, while only 20% was retained for hemicellulose for the 
same setting. The process temperature demonstrated close to double the effect on 
the specific hemicellulose carbohydrates compared to residence time.  

The two biomass feedstocks torrefied during this thesis work, Norway spruce 
and hydrolysis residue, differ in their raw compositions as demonstrated in Table 
2.1. Mainly, HR has higher carbon content and lower oxygen content than Norway 
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spruce with a resulting higher heating value. On a rudimentary level, one could 
suppose that the hydrolysis process has some aspects in common with torrefaction 
in that the hemicellulose and cellulose are decomposed before the lignin. On a 
chemical elemental composition basis, the hydrolysis residue reads as a 
moderately severe torrefied biomass. Figure 3.6 illustrates the C, O, and H content 
on dry weight basis as a function of torrefaction mass yield for both feedstocks 
with corresponding fitted linear trendlines. While the raw reference starting point 
differed (100% mass yield), the carbon and oxygen content in the samples showed 
near identical trends for the two feedstocks. The hydrogen content in contrast, 
demonstrated a steeper trend curve for HR than Norway spruce while the raw 
feedstock content was more or less identical. This indicate that the hydrogen was 
bound more strongly in the raw spruce biomass than in the pre-treated biomass 
hydrolysis residue.     

 
Figure 3.6: Carbon (black), oxygen (yellow), and hydrogen (grey) content on dry weight basis 

in the torrefied biomass as a function of mass yield for both spruce (circles) and hydrolysis 

residue (triangles). 

3.4.3 MLR models 

MLR models were fitted to the data sets for both Norway spruce and hydrolysis 
residue (paper II, paper III), evaluating the influence of the process parameters on 
all product characteristics, with good model fits. Torrefaction temperature was the 
most influential factor on all evaluated responses for Norway spruce with 
significant interaction effects with residence time for several responses. However, 
for the hydrolysis residue feedstock, residence time proved the most influential 
factor. Both studies evaluated a maximum residence time of 25 min, though the 
range was more narrow for hydrolyis residue; 15-25 min for compared to 8-25 min 
for Norway spruce. The dissimilarity is most likely due to the difference in material 
pretreatment and could be derived from the difference in hemicellulose content 
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between the two feedstocks as the hemicellulose degradation was demonstrated 
as more temperature dependent (paper III).  

3.4.4 Material characteristics 

Relative milling energy consumption 

The milling energy consumption was evaluated for both feedstocks in paper II 
and III, as it is one of the consistent material improvements demonstrated for 
torrefaction. The combined relative milling energy consumption is shown in  
Figure 3.7 as the electrical energy required based on the chemical energy content 
in the biomass (kJe/MJth where e denotes electrical and th thermal). For Norway 
spruce, the influence of torrefaction on the relative milling energy consumption 
was substantial, as even the sample with the lowest torrefaction severity (97% MY) 
demonstrate a 45% reduction in relative milling energy compared to raw spruce. 
The required milling energy was reduced by 95% for the most severe torrefied 
spruce with a mass yield of 46%. A distinct correlation was identified for spruce 
between the hemicellulose content in the torrefied biomass and the improvement 
in milling energy requirement, with a high R2 value of 0.997, though not including 
the least torrefied biomass sample, 260/8 with a MY of 97%. As previously 
mentioned, hemicellulose provides physical and structural strengthening to the 
cell wall with interaction with primarily cellulose. This structural role of 
hemicellulose supports the identified correlation of hemicellulose degradation 
with the increased brittleness in the torrefied material.  

 
Figure 3.7: Relative milling energy consumption for Norway spruce (circles, right) and 

hydrolysis residue (triangles, left) as a function of mass yield during torrefaction. The raw 

samples are filled black. 

For hydrolysis residue, the effect was less unequivocal. A reduction trend in the 
relative milling energy consumption with regard to torrefaction severity was 
evident, particularly at the lower mass yields, but the difference compared to the 
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raw HR was less pronounced with merely a 37% reduction at the lowest mass yield. 
Also, the torrefied samples with the three uppermost mass yields (circled in  Figure 
3.7) show higher relative milling energy than the raw HR, i.e. the improvement in 
material characteristics by torrefaction was not sufficient to overcome the loss in 
chemical energy at those process settings.  

Worthy of note is that the hydrolysis pretreatment appears a more efficient 
method than torrefaction for milling energy reduction. The raw HR demonstrate 
a lower relative milling energy consumption than the most severely torrefied 
spruce (310/25); 0.86 compared to 1.2 kJe/MJth. This corresponds well to the 
identified correlation between the hemicellulose content and the milling energy 
demand found in paper III, as the hemicellulose content in the hydrolysis residue 
is zero. Even so, the results demonstrated that torrefaction further improve the 
milling energy consumption for hydrolysis residue, indicating that the 
degradation of the cellulose and lignin retained in the biomass post hydrolysis was 
also influential.   

Feeding properties 

One of the suppositions commonly made for torrefaction is that the feeding 
properties of the biomass powder are improved for end-use applications. 
Morphology analysis (paper II) and angle of repose testing, AoR (paper III), were 
used in this thesis work as to quantify the feedability of torrefied biomass. Analysis 
of the morphology of the torrefied and raw hydrolysis residue was performed and 
the circularity of the particles was calculated. The results showed no significant 
difference between the raw and torrefied hydrolysis residue. The circularity was 
0.7 on average, which correspond to a semi-circular shape of the particles. 
Strandberg et al. (2014) demonstrated an improvement in circularity and solidity 
for severily torrefied powder compared to powder produced from commercial 
household pellets, ranging from ~0.3-1.0 depending on solidity [113]. The 
reference pellets had a circularity of ~0.2 which is significantly lower than the 0.7 
value determined for raw hydrolysis residue in paper II. Thus, while circularity is 
influenced by torrefaction and hydrolysis pretreatment respectively, torrefaction 
in combination with hydrolysis is seemingly superfluous. 

The angle of repose method was applied on the torrefied biomass in paper III 
as an indirect quantification of the powder feedability [114]. The analysis showed 
a statistically significant decrease of the AoR (higher flowability) for the more 
severely torrefied spruce compared to the raw biomass reference, but the less 
severe torrefaction process conditions demonstrate only marginal effects on the 
AoR.   

Hydrophobic properties 

In paper III, the hydrophobicity of the torrefied biomass was evaluated based 
on two methods, contact angle and equilibrium moisture content (EMC). Both 
methods demonstrated significant increase in hydrophobic behavior as a result of 
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torrefaction. It was concluded that the contact angle measurement was unsuitable 
for the coarse-surface wood chips and that the results were not entirely 
representative of hydrophobicity in wood chips. The results from equilibrium 
moisture content analysis, where the material had been exposed to a set 
atmosphere for 7 weeks, demonstrated a reduction in equilibrium moisture 
content of the torrefied material by more than 50% compared to the raw biomass 
feedstock. The decrease was positively correlated with increasing torrefaction 
severity. 

3.4.5 System and integration aspects of torrefaction 

To take full advantage of the potential energy, exergy, and cost benefits derived 
from torrefaction, the entire supply chain to the end-user and site-specific 
integration aspects need to be considered. There are several key aspects inherent 
to the torrefaction process itself or the torrefied product that facilitate system 
improvements and integration opportunities:   

• The main process energy requirement, drying, may use low value energy 
• Torrefied biomass is more homogeneous, which may facilitate increased 

use of (lower-quality) biomass feedstocks  
• Torrefied and subsequently pelletized biomass has significantly improved 

bulk energy density compared to both raw and pelletized biomass 

Energy/exergy  

The total torrefaction system is considered autothermal when the energy 
contained in the torrefaction gas is sufficient to power the process [39]. This 
energy content is always higher than ∆Htorr during steady operation, i.e. the 
isolated torrefaction process is operated above autothermal conditions, while 
overall process energy status is contingent on the moisture content. Also, 
depending on process settings and feedstock the overall isolated torrefaction 
process may be endothermal, exothermal or exhibit exothermal behavior in parts 
of the reactor [115, 116]. The latter is especially problematic in regard to process 
control, with the process requiring either cooling or heating at different sections 
of the reactor, and the risk of temperature run-away. For the Norway spruce 
torrefaction design, exothermal behavior was observed for the experiments with 
residence times ≥ 16.5 min, as the gas temperature measurement in the center of 
the reactor slightly exceeded the corresponding reactor surface temperature for 
one or more measuring segments (Fig.3, paper III). Overall, the heat losses 
through the reactor surface and isolation were evidently sufficient to counteract 
the additional heat produced from exothermal reactions. Other biomass materials 
torrefied in the original pilot plant (reed canary grass and eucalyptus) displayed 
exothermal behavior to significant extent, requiring process cooling to control the 
torrefaction temperature [117, 118]. 
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In practical applications, the torrefaction process is always preceded by a drying 
process, as raw biomass feedstocks are both hydrophilic and have high moisture 
content. While not a requisite, separating the two process steps into different 
reactors is highly beneficial. Allowing for a low and consistent feedstock moisture 
content to the torrefaction reactor improves the process control, product 
homogeneity, and moderate the dilution of the torrefaction gas by steam. The 
energy content of the volatilized torrefaction gas need to be utilized to achieve a 
high overall process efficiency. Gasification, combustion, or extraction of worthy 
of note chemicals are examples of suitable end uses.  

The two processes also have differencing energy and exergy demands. 
Assuming raw lignocellulosic biomass with moisture content ranging from 40-
60%, the drying energy requirement, ∆Hdrying, was approximately 5-6:1 to the 
torrefaction reaction energy demand, ∆Htorr (paper IV). Figure 3.8 show a Sankey 
diagram of the drying and torrefaction processes at a MY of 77%.  

 

 
Figure 3.8: Sankey diagram for torrefaction (paper IV).  

Separation of the drying and torrefaction processes allow for low value heat (at 
temperatures <100°C) to be used in the high energy demanding drying step, 
whereas the lower energy demanding torrefaction process require higher value 
heat at temperatures above the desired torrefaction temperature. For a stand-
alone torrefaction unit, the process energy is preferably internally supplied (e.g. 
combustion of the torrefaction gas) and the prospective use of low-value heat is 
limited. However, integration with other industries and processes with excess low-
value heat has a large potential, especially if a combustion unit is also available on 
site. Suitable integration sites could be CHP plants, any industry with excess heat 
available, and biorefineries. For CHP plants, a torrefaction unit represents a year-
round heat sink, which may facilitate increased electricity production, especially 
during the summer months. Paper IV discussed several potential integration sites 
operating as both potential importers and exporters of torrefied biomass. For a 
syngas-based biorefinery, excess heat from several sources is most likely abundant 
(e.g. chemical synthesis) at different exergy levels suitable for both drying and 
torrefaction heat supply. The torrefaction gas may also be reformed to syngas in 
the gasification unit.  

Torrefaction gas 

Torrefied  
biomass 

∆Htorr ∆Hdrying 
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Energy and mass balance calculations for a torrefaction plant (100 000 t/y 
production) based on willow torrefaction data [29] illustrated the influence of 
different levels of integration (paper IV). Two different concepts for integration of 
torrefaction with a CHP plant was compared to a stand-alone unit; the first CHP 
integration concept did not use low value heat for the drying step. The results 
demonstrated the importance of integration design as the thermal efficiency of the 
torrefaction system increased for the second integration case with CHP, but 
decreased when insufficiently integrated (first CHP case).  

System vs. process efficiency 

While integration with a CHP or biorefinery site have great potential, it does 
not take advantage of the improvement in the biomass supply chain costs as 
described in chapter 1.4, unless the torrefied biomass is pelletized and further 
distributed to other end-users. Thus, there is an implied opposition between 
system or process integration benefits that need case specific considerations. 
However, any industry using biomass feedstocks are most likely located 
sufficiently close to the biomass supply. Also, for internal use of torrefied biomass, 
more than one prospective torrefaction plant is likely required to fully supply a 
large gasifier or boiler. Imported torrefied biomass from stand-alone units or 
those integrated with other potential industries close to the biomass resource 
would benefit from the supply chain advantages by torrefaction, even if the on-site 
plant does not. For the latter however, the densification process may be excluded 
and this somewhat limiting investment and operational costs for this specific 
plant. Such set-up could also improve the biomass utilization rate of the specific 
plant, by including lower-value feedstock with low bulk energy densities (e.g. 
forest residues, stumps) to the feedstock portfolio through off-site torrefaction.  

3.5 Low temperature slow pyrolysis – Bio2Fuels  

3.5.1 Principal description 

The Bio2Fuels system concept introduced in paper V is a slow pyrolysis process 
with system and process integration aspects included in an expanded system 
concept. The slow pyrolysis process was suggested to operate at lower temperature 
and with shorter residence time compared to traditional slow pyrolysis process 
settings. As the 2 in the name denotes, the process concept may have up to double 
greenhouse gas savings potential and two desired main products; the biochar and 
the residual pyrolysis gas (defined as the combined volatilized products, i.e. bio-
oil and permanent gases). Consequently, while slow pyrolysis is an already 
established process, the products end-use and requisite characteristics in the 
Bio2Fuels system differ from traditional practices. 

The focus of the Bio2Fuels system concept is the potential process and system 
integration benefits, reducing several of the main issues prevalent for biomass 
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conversion (chapter 1.1) and utilizing the biomass potential for a carbon negative 
transportation system (chapter 1.1.1). In thermochemical conversion, the 
feedstock hydrogen is volatilized (in various molecular constellations) to a higher 
degree at a specific temperature than the feedstock carbon, allowing for an 
enrichment of each element in the gas (i.e. hydrogen) and char (carbon) 
respectively. For Bio2Fuels, syngas production may be achieved by direct 
reforming of the hydrogen-enriched pyrolysis gas with subsequent catalytic 
synthesis, while the carbon-enriched biochar (or biocoal) is preferably utilized as 
co-firing fuel in plants equipped with CCS (Figure 3.9) or utilized for direct carbon 
sequestration. 

 
Figure 3.9: Schematic description of the Bio2Fuels concept, from paper V. 

The slow pyrolysis process was evaluated based on three main aspects; the 
volatilization behavior of ash-forming elements (paper V, paper VII); the product 
distribution, including elemental yields and the H/C separation (papers V-VII); 
and pyrolysis gas reforming (paper V, paper VII). The results were amassed 
through experimental data, chemical equilibrium modelling, and literature data 
analysis. The system concept was evaluated through energy and mass balances 
and estimations on the carbon negativity potential. 

3.5.2 The volatilization of ash-forming elements 

In paper V, the volatilization driving forces for all ash-forming elements in a 
typical wood were evaluated using chemical equilibrium calculations. The 
theoretical volatilization propencities of the alkali-containing compounds was 
extensively evaluated by constricting the reaction pathways to obtain as 
representative volatilization temperature as possible. The results indicate that the 
alkali volatilization may be sufficiently low for the synthesis catalysts 
requirements at pyrolysis temperatures <500°C, also supported by [73, 74]. The 
results also demonstrated that Cl and S are volatile in the relevant temperature 
range, remain as gases in the resulting syngas, and must still be removed in the 
subsequent syngas cleaning steps to achieve requisite concentration levels. These 
chemical equilibrium results were confirmed by the experimental results in paper 
VII and previously published work [76-78]. 
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While the pyrolysis process is not at equilibrium for the traditional process 
settings, the results provide information regarding the thermochemical driving 
forces and an overall volatilization temperature range. It was thus imperative to 
acquire experimental data to validate or disprove the conclusions from paper V. 
The results from the impactor particle sampling with subsequent SEM analysis 
and the ICP-AES analysis of the bio-oil in paper VII demonstrated no significant 
attestation of the ash-forming elements and a maximum of 2% Na and K yield to 
the bio-oil respectively (presumably by entrained particles). The cohesive results 
indicate that the alkali compounds are principally retained in the biochar for the 
evaluated temperature range. 

3.5.3 Product and elemental yields 

The different volatilization behavior for the three main elements in the biomass, 
carbon, hydrogen, and oxygen, was evaluated based on the molar yields to each 
product fraction. The gas yield was calculated according to Eq. 5 for each 
applicable element, where n denotes the molar amount of the element 
(mol/kgDSin) and the subscript denotes the feedstock char and gas amount 
respectively. 

9:;	�%"<= = *2�/
*>??@/�AB
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*>??@/�AB

  Eq. 4 

In paper V, the H and C volatilization behavior in lignocellulosic biomass 
pyrolysis was studied using slow pyrolysis and torrefaction literature data. While 
suitable for the feasibility analysis, the data extracted from previous work were 
produced with regard to each paper specific objective, not necessarily in line with 
the present work. In addition, none used biomass softwood feedstocks. The 
screening study presented in paper VI was therefore required in order to identify 
the influence of, for instance, residence time and differencing biomass feedstock 
on the hydrogen and carbon gas yields during a dedicated slow pyrolysis 
experiment. The result from paper VI demonstrated a distinct H and C separation, 
but the MLR model results and the low and principally constant mass yields for all 
experiments indicate that the design temperature range was set too high, or to 
narrow, to obtain a good overview and identifying the optimum process 
parameters. The large pilot-scale experiments (paper VII) aimed to evaluate the 
promising pyrolysis temperature range identified in paper VI between torrefaction 
and traditional pyrolysis, i.e. 300-425°C. 

A significant and temperature dependent H and C separation was observed for 
all evaluated pyrolysis experimental data (paper V-VII). The H/C ratio in the 
pyrolysis gas exceeded 2.0 for all experiments, while the corresponding raw 
feedstock H/C ratio was below 1.5. In Figure 3.10, the C and H gas yields from 
paper III (torrefaction), paper VI, and paper VII are plotted as function of 
temperature with the corresponding H/C ratio. Together, the data sets covered the 
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process temperatures from 260°C to 606°C for Nordic softwood biomass 
(spruce/pine) without any major gaps at the lower temperatures. The torrefaction 
data (paper III), demonstrated more scattered data sets, owing to the residence 
time variations at constant temperature. In contrast, the corresponding residence 
time variations for the paper VI data set did not show a definite spread with only 
a small elevation in each elemental gas yield as a result of longer residence time. 
This further illuminates the results from the MLR model analyses, i.e. that the 
residence time factor had greater significance at lower temperatures. The H/C 
ratio in the pyrolysis gas was higher for the dedicated pyrolysis experiments in 
paper VII (300°C, 325°C) compared to the corresponding results from the 
torrefaction experiments in paper III. The discrepancy was most likely derived 
from the evolution in reactor design and thus altered process conditions (e.g. 
material residence time, vapor residence time, heat transfer rate etc.) and the 
lower H/C ratio in the torrefaction feedstock compared to the wood pellets.  

 
Figure 3.10: The carbon (dark grey) and hydrogen (light grey) yields to the torrefaction/ 

pyrolysis gas (left axis) and the corresponding H/C ratio (white, right axis) as a function of 

temperature. Data taken from paper III (triangles), paper VI (squares), and paper VII 

(diamonds). Trendlines for H and C fitted to each series separately. Trendlines for H/C fitted to 

paper III+paper VI (solid line) and paper VI+paper VII (dashed line)  

Product yields for biochar, permanent gases, and bio-oil were determined for 
pine/spruce pellets slow pyrolysis in paper VII. The pyrolysis temperature was 
positively correlated with the total pyrolysis gas yield as well as its individual 
components; permanent gases, water, and tars. Looking at the permanent gas 
components, all yields (kg/kgDS in) barring the CO2 yield demonstrated a 
significant increase with temperature (i.e. H2, CO, and CH4). The CO2 yield 
remained principally constant for all experimental temperatures exceeding 
300°C.  

The majority of the feedstock hydrogen was volatilized to the bio-oil product 
fraction, bound in either the organic tars or water. The water content in the 
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pyrolysis gas decreased with temperature but remained as a significant fraction of 
the bio-oil. In addition, the experiments used essentially dry softwood pellets (5% 
MC) which reduced the steam content in the pyrolysis gas and in extension the 
potential steam reforming reaction products in the pyrolysis gas.  

3.5.4 Gas reforming 

Thermal reforming of the pyrolysis gas was initially evaluated through chemical 
equilibrium calculations in paper V, solely based on the feasibility of increased 
syngas H2/CO ratio. The pyrolysis gas data was acquired from Fagbemi et al. 
(2001) produced from slow pyrolysis with a 500°C process temperature [94]. The 
pyrolysis gas reforming was compared to gasification of the corresponding raw 
pyrolysis wood feedstock. The calculations were performed by adjusting three 
process variables; pressure 20-80 bar, temperature 800-1400°C, and OER 0.25-
0.4; varied on 4-5 levels each. The resulting H2/CO ratio in the calculated syngas 
was determined for each combination, and pyrolysis gas and wood feedstock, 
respectively (i.e. 160 calculations in total). The results demonstrated a significant 
increase (by up to 80%) in the syngas H2/CO ratio for pyrolysis gas reforming 
compared to the syngas predicted from raw wood gasification (Figure 4, paper V). 
The maximum H2/CO ratio calculated was 1.41 for pyrolysis gas reforming, 
assuming chemical equilibrium at 20 bar pressure, 800°C temperature, and OER 
of 0.4. The corresponding H2/CO ratio was 0.79 for the raw wood gasification, 
however the highest H2/CO ratio for untreated wood (1.0) was achieved at 80 bar, 
800°C, and OER: 0.25.  

The chemical equilibrium model for pyrolysis gas reforming was an initial 
feasibility analysis regarding the influence of increased H/C ratio in the feedstock 
on the resulting H2/CO ratio in the syngas. For this objective, chemical 
equilibrium analysis was considered suitable, but should not be taken as a direct 
representative of corresponding experimental results using the same process 
parameters and fuels.  

Reforming experiments 

In paper VII, attempts toward experimental direct thermal pyrolysis gas 
reforming was made through lowering the primary and secondary air flows to the 
ejection burner as to correspond to an OER of 0.35. Unfortunately, all replicate 
syngas samples showed an oxygen concentration of ~9%, indicating undesired air 
leakage either in the reactor, the sampling point, the sampling line, or in the GC. 
Thus, the syngas composition measured may represent gas resulting from a higher 
OER than 0.35 or represent the actual syngas but with an additional non-reactive 
oxygen addition. With the difficulties present in this experiment, it was concluded 
that a dedicated gas reformer is preferable in future studies, however this 
experiment served as an initial feasibility study with some interesting results. A 
high CH4 concentration (9-10%vol) was observed for all replicates, i.e. methane was 
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not reformed, and the CH4 constituent contained approximately 40% of the syngas 
energy value. If, as indicated by the oxygen spectra, the OER was higher than 
estimated during the experiment, it follows that higher H2 and CO concentrations 
may be achieved at lower OER and no leakage. The results thus indicated that 
thermal reforming was most likely insufficient for full gas conversion and future 
endeavors should include evaluation of catalytic reforming. Although, reforming 
of the pyrolysis gas with combined gasification of biomass/black liquor (cf. biogas 
co-gasification) could be a potential route to for non-catalytic reforming.  

3.5.5 The Bio2Fuels system 

The Bio2Fuels system is an example of process development with system 
integration directly incorporated. The aim is to optimize the process on a system 
level instead of a process level. The key aspect from a system perspective is the 
H/C separation between the two product fractions, which allow for the potential 
carbon negativity and syngas H2 enrichment. On the other hand, a low pyrolysis 
gas yield (e.g. torrefaction conditions) may achieve high H/C ratio in the pyrolysis 
gas but low total H gas yield, and with a significant portion of that hydrogen bound 
as water. The energy and mass balances calculated using literature data (paper V) 
and data from the 400°C pyrolysis experiment (paper VII and Figure 3.11) 
demonstrated that the biochar and pyrolysis gas energy contents were 
approximately equal. The reforming efficiency in paper VII was low (72%), and the 
net thermal efficiency for the Bio2Fuels system (pyrolyis of dry biomass + 
reforming) was 79%. The corresponding efficiency for the system in paper V was 
77%, correlated to the biochar yield.  

 
Figure 3.11: Energy and mass balance representing a 100 tonDS/day pyrolysis plant. For more 

details, consult paper VII. 

An initial evaluation of the potential carbon negativity in the Bio2Fuels system 
was performed in paper V based on a rudimentary carbon balance. The CO2 
negativity potential (%) was calculated as the amount of carbon captured divided 
by the biomass carbon content, assuming; biomass as CO2-neutral, CCS efficiency 
= 90% [10], and full carbon conversion from the pyrolysis gas to atmospheric CO2. 
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The resulting CO2 negativity potential ranged from ~30% to 61% and was directly 
correlated to the carbon pyrolysis gas yield, i.e. lower pyrolysis temperature 
corresponds to higher CO2 negativity potential. Maximum theoretical CO2 

negativity is obviously achieved through complete sequestration of the biomass 
carbon; however, such a system would suffer from fossil transportation-based CO2 
emissions corresponding to the potential (carbon neutral) fuels produced from the 
pyrolysis gas syngas.  

Another route for carbon negativity is through direct biochar sequestration in 
soil. The degradation parameter of the biochar is of importance as to estimate its 
sustainability and its carbon negativity potential. Spokas (2010) demonstrated 
that the molar O:C ratio is correlated with the estimated half-life of the biochar, 
and that an O:C ratio <0.2 represent a more stable biochar with half-time of 
>1000 year [119]. Figure 3.12 show a Van Krevelen diagram for all experimental 
torrefaction and pyrolysis data from this thesis work. All biochar materials from 
paper VI had O:C ratios lower than 0.2, whereas only the top two highest 
temperature experiments in paper VII technically qualify (though both 350°C 
and 375°C biochar O:C ratios are ~0.21). Thus, direct sequestration of the 
Bio2Fuels biochar could represent a suitable alternative route to achieve system 
carbon negativity. 

 
Figure 3.12: Van Krevelen diagram plotting the atomic H:C ratio vs the atomic O:C ratio for all 

torrefaction and pyrolysis experiments in the present thesis work. 

Additional carbon negativity could also be achieved through CCS employed in 
the syngas production for any carbon not bound in the specific end-product. The 
employment of the Bio2Fuels concept in a biorefinery system could thus 
potentially allow for equal use of the biomass for output of valuable products and 
as a method for improved climate change mitigation. 
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4 Conclusions 

This chapter contains the summarized conclusions for the three thesis 
objectives and a sumary of the main findings of all separate papers, as well as 
overall conclusions regarding thermochemical process integration in (syngas-
based) biorefineries.   

Two potential residue streams from the existing Domsjö biorefinery were 
evaluated as gasification feedstocks; biogas and hydrolysis residue. The 
combination of biogas reforming and gasification of wood or black liquor could be 
a suitable refinement route for un-utilized biogas at the biorefinery. The results 
from the present work demonstrated that significant methane reforming to the 
desired syngas components occured for high co-gasification temperatures (up to 
84% reforming), with a resulting increase in the syngas H2/CO ratio. Thus, the co-
gasification of biogas and biomass would not only increase the biogas utilization 
and the output of value-added products at the refinery, but also improve the 
syngas quality with regard to the H2 content. However, the results indicated that 
higher gasification temperature is required for sufficient biogas conversion 
efficiency, than attainable with fluidized bed gasification technology, suggesting 
instead entrained flow gasification technology.  

The syngas composition and quality analysis showed that raw and torrefied 
hydrolysis residue could potentially also be used as feedstocks for syngas 
production. The syngas composition proved similar to the reference wood syngas 
and the total dust load was significantly reduced for hydrolysis residue (less so for 
the torrefied residue), however the slightly elevated OER for the HR gasification 
experiments could have impacted the dust load results. Torrefaction prior to 
fluidized bed gasification was demonstrated to reduce the total tar content in the 
syngas, and the heavy tar content in particular, with resulting reduction in the 
collective tar dew point temperature. The trade off between reduced tar content 
but increased dust load favors the use of torrefaction as tar is the more complex 
issue. The discontinuation of NaOH addition was estimated to significantly reduce 
the agglomeration problematics for the residue, thus removing the main obstacle 
identified in the present work for hydrolysis residue as gasification feedstock 

The developed continuous torrefaction pilot plant showed good reproducibility 
owing to the effective process control for the most important process parameters; 
improved temperature measurement (IR-pyrometer) and reduced residence time 
distribution. The torrefaction of Norway spruce wood and hydrolysis residue 
produced torrefied material with overall improved fuel characteristics (e.g. higher 
heating value, hydrophobicity, friability). Both torrefied materials demonstrated 
reduced relative milling energy consumption, highly beneficial for comminuting 
the feedstock to powder required for potential entrained flow gasification in a 
biorefinery. For Norway spruce, a correlation between increased hemicellulose 
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decomposition and reduced milling energy cost was identified. This correlation 
was tentatively corroborated by the low milling energy cost for raw hydrolysis 
residue (which represent close to full hemicellulose degradation).   

The full benefits of torrefaction on biomass feedstocks are realized in a system 
perspective. The pretreatment represents an additional process in the total supply 
chain, however the main energy requirement may be supplied from low-value 
heat. The results from the energy and mass balance in paper IV demonstrated that 
an increase in the thermal efficiency of the integrated plant/system is possible 
through heat integration. Torrefied and pelletized biomass has higher bulk energy 
density than traditional pellets/raw biomass, which could facilitate the use of 
biomass from more remote locations relative to the end-user. Thereby, the upper 
size limit of the syngas production unit may be expanded, as the economically 
viable biomass collection area is increased. A large-scale syngas-based biorefinery 
would benefit from both of these aspects as a torrefaction plant on-site could make 
use of available excess heat, and additional feedstock requirements could be 
supplied from decentralized torrefaction units (preferably heat integrated close to 
the biomass resource). Torrefaction was thus suggested as a highly suitable 
thermochemical process for a biorefinery system as the feedstock utilization, 
supply chain costs, and process efficiency may improve. 

Hydrolysis residue as a gasification feedstock however would not benefit from 
potential supply chain cost reductions resulting from torrefaction and pelleting, as 
its integration with syngas production is most likely on-site. Also, the 
demonstrated improvement in relative milling energy cost was deemed 
superfluous, as the hydrolysis treatment itself had significantly higher influence 
on the material friability. Thus, the benefits of torrefaction for this residue 
(feedstock characteristics) are most likely not sufficient to justify the pretreatment 
cost (the material loss) unless the identified tar reduction in fluidized bed 
gasification is relevant to improve the syngas quality or the torrefaction gas is also 
fed to the gasifier.    

The Bio2Fuels concept was defined and presented, initially based on previously 
published data for slow pyrolysis and chemical equilibrium model results. The 
identified relevant aspects for the concept were; hydrogen-enriched pyrolysis gas, 
carbon-enriched biochar, operation below the volatilization temperature for 
alkali-compounds (and most other ash-forming elements), H2-enriched syngas 
production through pyrolysis gas reforming, and a carbon negative system 
through biochar conversion with CCS. The following bench-scale experiments 
validated the hydrogen and carbon seperaration for slow pyrolysis of Norway 
spruce. The MLR model analysis showed temperature as the most significant 
process parameter influencing the separation. All experiments demonstrated a 
relative high carbon pyrolysis gas yield (56-64%), suggesting a lower process 
temperature for further studies.  
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Thereafter, pilot-scale results confirmed a significant, temperature correlated 
hydrogen and carbon separation to gaseous and solid product fractions 
respectively at lower pyrolysis temperatures (300-425°C). The H/C ratio in the 
pyrolysis gas increased from 1.5 in the raw pellets to >2.0 for all experiments, and 
>2.7 for pyrolysis temperatures ≤350°C. The majority of the hydrogen was found 
in the bio-oil fraction, bound as water and organics, but also to a much smaller 
degree as CH4 in the permanent gases. Already at a pyrolysis temperature of 
325°C, most of the feedstock hydrogen was volatilized to the pyrolysis gas, and 
87% was volatilized at a pyrolysis temperature of 425°C. The carbon pyrolysis gas 
yield exceeded 50% at 375°C, and topped at 63% (425°C). The results also 
demonstrated that the alkali-volatilization was not significant in the evaluated 
preferred pyrolysis temperature range. The initial thermal reforming experiment 
further indicated the need for a dedicated catalytic reforming process in order to 
achieve the higher H2-enriched syngas produced assuming chemical equilibrium. 
However, potential co-gasification of the pyrolysis gas with biomass/black liquor 
(cf. biogas co-gasification) invites further examination.  

To conclude, the collective results from the present work indicated that there 
are many opportunities for integration of thermochemical conversion processes in 
syngas-based biorefineries. The combination of initial biochemical conversion 
followed by thermochemical conversion (cf. both evaluated residue streams) 
seemed promising, and any additional feedstock required to fuel the (most likely) 
large entrained flow gasifier could be supplied through torrefied biomass and/or 
pyrolysis gas. Supply chain cost and on-site handling issues will thereby be 
reduced, while also increasing the utilization of the biomass feedstock. 
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5 Suggestions for future research 

This thesis work has covered a widespread area of research, each sub-category 
with its own future challenges and considerations. Suggestions for future research 
regarding the overall thesis topic are for example, economic and efficiency analysis 
for the different integration concepts, comparative analyses between different 
solutions, and evaluation of decentralized slow pyrolysis concepts. For the specific 
thesis topic, some suggestions for future work are summarized below. 

Gasification of residue streams 

The co-gasification of biogas with black liquor (utilizing EFG) could potentially 
achieve higher methane conversion, both due to the increase temperature and the 
more catalytic atmosphere. Further studies with steam addition and the actual 
biogas as feedstock would provide more information regarding the economic 
validity of an industrialized implementation. The reduced syngas tar content 
demonstrated with gasification torrefied hydrolysis residue could be confirmed 
through additional experiments using a feedstock untainted with NaOH addition, 
to eliminate that uncertainty. Also, comparing the influence of torrefaction on the 
syngas tar content for regular softwood feedstock and hydrolysis residue is 
suggested.  

The combination of different conversion process, whether biochemical or 
thermochemical, to expand the biomass utilization rate could be further explored 
for other residue streams. Also, comparisons between full syngas conversion of the 
biomass feedstock and integrated conversion regarding both economic and 
efficiency issues is suggested.  

Torrefaction 

Several torrefaction initiatives have reached demonstration/commercial level 
implementation. It is important for the supply chain advantages that the pelleting 
of torrefied pellets is further researched and developed in order to achieve 
production of commercial quality pellets. While the end-use benefits of torrefied 
material remain, the increased bulk energy density is a key quality regarding the 
(biorefinery) system efficiency. Sizing of on-site integrated vs decentralized 
torrefaction units, comparing the importance of each parameter could provide 
further information regarding system optimum.  

Bio2Fuels 

The pyrolysis gas reforming considered in the present work was assumed in 
direct connection with the pyrolysis process. However, decentralized concepts 
have been extensively evaluated for fast pyrolysis bio-oil [120] and could likewise 
potentially work for slow pyrolysis condensable fraction. The permanent gases are 
not a major source of hydrogen (or energy) and could be used for internal energy 
supply in a decentralized scenario (with auxillery fuel).  The stability of the bio-oil 
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could thus be of interest to evaluate in future studies. Regarding process aspects, 
evaluation of influence of feedstock moisture content or steam addition on the 
pyrolysis gas is suggested. Additional steam would influence the steam reforming 
reactions in the reactor. The gas reforming remains the main uncertainty and is 
suggested as the next main study, comparing catalytic and non-catalytic pyrolysis 
gas reforming at different temperatures. Also, co-gasification of the pyrolysis gas 
with biomass/black liquor (cf. biogas co-gasification) could be the suitable 
pathway to achieve lower cost pyrolysis gas reforming and invites further study.  
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